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ABSTRACT 
NAME:   ALI ABDULAZIZ AL-UGLA 
TITLE: DEVELOPMENT OF A SOLAR AIR-
CONDITIONING SYSTEM IN SAUDI ARABIA   
MAJOR FIELD:    MECHANICAL ENGINEERING  
DATE OF DEGREE:    DECEMBER 2015 
The air-conditioning systems in Saudi Arabia consume around 65% of the 
electrical energy of the building sector. The conventional (vapor-compression) air-
conditioning types are the most used systems in Saudi Arabia. Solar energy can be used 
to power such systems to save a large amount of electrical/mechanical energy which can 
be employed in the industry and production sectors. This research focuses on the design 
of solar air-conditioning application in buildings in Saudi Arabia to accommodate a 24-
hour uninterrupted daily cooling load. It includes an in-depth review of novel alternative 
solar-powered LiBr-water absorption designs of three storage systems and four hybrid 
storage systems. This review is followed by the unsteady analysis of hybrid storage (cold 
plus refrigerant) system for 5 kW absorption chiller. Moreover, techno-economic analysis 
for three systems: conventional vapor-compression, solar absorption and solar 
photovoltaic vapor-compression for commercial buildings are investigated. The techno-
economic results showed that solar absorption system is more feasible than solar 
photovoltaic vapor-compression system. The thermodynamic results revealed that the 
best designs are the refrigerant storage system and the cold and refrigerant hybrid storage 
system. Finally, the results indicated that the coefficient of performance decreases at the 
start and end of the effective sunlight.   
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  TCARTSBA CIBARA
  ﻣﻠﺨﺺ  اﺍﻟﺮﺳﺎﻟﺔ
  ﻋﻠﻲ ﻋﺒﺪاﺍﻟﻌﺰﯾﻳﺰ اﺍﻟﻌﻘﻼ  اﺍﻻﺳﻢ:
ﻋﻦ طﻁﺮﯾﻳﻖ اﺍﻟﻄﺎﻗﮫﻪ اﺍﻟﺸﻤﺴﯿﻴﮫﻪ ﻓﻲ اﺍﻟﻤﻤﻠﻜﮫﻪ اﺍﻟﻌﺮﺑﯿﻴﮫﻪ  ءﺗﻜﯿﻴﯿﻴﻒ اﺍﻟﮭﻬﻮاﺍ ﻧﻈﺎمﻡﺗﻄﻮﯾﻳﺮ  ﻋﻨﻮاﺍنﻥ اﺍﻟﺮﺳﺎﻟﺔ:
  اﺍﻟﺴﻌﻮدﺩﯾﻳﮫﻪ
  اﺍﻟﮭﻬﻨﺪﺳﺔ اﺍﻟﻤﯿﻴﻜﺎﻧﯿﻴﻜﯿﻴﺔ   ﺨﺼﺺ:ﺘاﺍﻟ
  5102دﺩﯾﻳﺴﻤﺒﺮ   ﺗﺄرﺭﯾﻳﺦ اﺍﻟﺘﺨﺮجﺝ:
٪ ﻣﻦ اﺍﻟﻄﺎﻗﺔ اﺍﻟﻜﮭﻬﺮﺑﺎﺋﯿﻴﺔ ﻓﻲ ﻗﻄﺎعﻉ ٥٦أﺃﻧﻈﻤﺔ ﺗﻜﯿﻴﯿﻴﻒ اﺍﻟﮭﻬﻮاﺍء ﻓﻲ اﺍﻟﻤﻤﻠﻜﺔ اﺍﻟﻌﺮﺑﯿﻴﺔ اﺍﻟﺴﻌﻮدﺩﯾﻳﺔ ﺗﺴﺘﮭﻬﻠﻚ ﻣﺎ ﯾﻳﻘﺮبﺏ ﻣﻦ 
ﺿﻐﻂ )اﺍﻟﺘﻘﻠﯿﻴﺪيﻱ  ﻨﻮعﻉاﺍﻟ. ﻣﻌﻈﻢ أﺃﻧﻈﻤﺔ ﺗﻜﯿﻴﯿﻴﻒ اﺍﻟﮭﻬﻮاﺍء اﺍﻟﻤﺴﺘﺨﺪﻣﺔ ﻓﻲ اﺍﻟﻤﻤﻠﻜﺔ اﺍﻟﻌﺮﺑﯿﻴﺔ اﺍﻟﺴﻌﻮدﺩﯾﻳﺔ ھﮪﮬﻫﻲ ﻣﻦ اﺍﻟﻤﺒﺎﻧﻲ
 ﺎﺋﯿﻴﮫﻪاﺍﻟﻜﮭﻬﺮﺑ)ﻛﻤﯿﻴﺔ ﻛﺒﯿﻴﺮةﺓ ﻣﻦ اﺍﻟﻄﺎﻗﺔ ﺣﻔﻆ  ﻋﻠﻰﺳﻮفﻑ ﯾﻳﻌﻤﻞ اﺍﻟﻄﺎﻗﺔ اﺍﻟﺸﻤﺴﯿﻴﺔ ﻟﺘﺸﻐﯿﻴﻞ ھﮪﮬﻫﺬهﻩ اﺍﻟﻨﻈﻢ  اﺍﺳﺘﺨﺪاﺍمﻡ. (ﺒﺨﺎرﺭاﺍﻟ
 ﺗﺼﻤﯿﻴﻢاﺍﻹﻧﺘﺎﺟﯿﻴﺔ. ﯾﻳﺮﻛﺰ ھﮪﮬﻫﺬاﺍ اﺍﻟﺒﺤﺚ ﻋﻠﻰ اﺍﻟﺼﻨﺎﻋﯿﻴﺔ وﻭاﺍﻟﺘﻲ ﯾﻳﻤﻜﻦ اﺍﺳﺘﺨﺪاﺍﻣﮭﻬﺎ ﻣﻦ ﻗﺒﻞ اﺍﻟﻘﻄﺎﻋﺎتﺕ  (/ اﺍﻟﻤﯿﻴﻜﺎﻧﯿﻴﻜﯿﻴﺔ
ﻮدﺩﯾﻳﺔ ﻻﺳﺘﯿﻴﻌﺎبﺏ ﺣﻤﻮﻟﺔ اﺍﻟﺘﺒﺮﯾﻳﺪ ﺎﻟﻄﺎﻗﺔ اﺍﻟﺸﻤﺴﯿﻴﺔ ﻓﻲ اﺍﻟﻤﺒﺎﻧﻲ ﻓﻲ اﺍﻟﻤﻤﻠﻜﺔ اﺍﻟﻌﺮﺑﯿﻴﺔ اﺍﻟﺴﻌﺑأﺃﻧﻈﻤﺔ ﺗﻜﯿﻴﯿﻴﻒ اﺍﻟﮭﻬﻮاﺍء 
ﺘﻄﻮﯾﻳﺮ ﺗﺼﺎﻣﯿﻴﻢ ﺟﺪﯾﻳﺪةﺓ ﺑﺪﯾﻳﻠﺔ ﻟﻣﺘﻌﻤﻘﺔ ﻋﻠﻰ دﺩرﺭاﺍﺳﮫﻪ  ھﮪﮬﻫﺬاﺍ اﺍﻟﺒﺤﺚ ﯾﻳﺸﻤﻞﺳﺎﻋﺔ دﺩوﻭنﻥ اﺍﻧﻘﻄﺎعﻉ.  42اﺍﻟﯿﻴﻮﻣﻲ ﻋﻠﻰ ﻣﺪاﺍرﺭ 
ﺗﺤﻠﯿﻴﻞ ﻣﺘﻌﻤﻖ  ﯾﻳﻠﻲ ذﺫﻟﻚ. ﻣﺠﺘﻤﻌﮫﻪﺛﻼﺛﺔ أﺃﻧﻈﻤﺔ ﺗﺨﺰﯾﻳﻦ وﻭأﺃرﺭﺑﻌﺔ أﺃﻧﻈﻤﺔ ﺗﺨﺰﯾﻳﻦ  ﻋﻦ طﻁﺮﯾﻳﻖﺑﺎﻟﻄﺎﻗﺔ اﺍﻟﺸﻤﺴﯿﻴﺔ  ﺗﻌﻤﻞ
 ﻓﻲ ھﮪﮬﻫﺬاﺍ اﺍﻟﺒﺤﺚ ﺗﻢ. اﺍﻟﻤﺠﺘﻤﻊ ﻋﻨﺪ ﺣﺎﻟﺔ ﺗﺒﺎﯾﻳﻦ اﺍﻻوﻭﺿﺎعﻉ اﺍﻟﺤﺮاﺍرﺭﯾﻳﮫﻪﯾﻳﻦ ﺘﺨﺰاﺍﻟﻨﻈﺎمﻡ ﻟﻛﯿﻴﻠﻮ وﻭاﺍطﻁ طﻁﺎﻗﺔ ﺗﺒﺮﯾﻳﺪ  ٥ﺘﺼﻤﯿﻴﻢ ﻟ
ﺎﻟﻄﺎﻗﺔ ﺑﻣﺘﺼﺎصﺹ اﺍﻻﺒﺨﺎرﺭ اﺍﻟﺘﻘﻠﯿﻴﺪيﻱ،٬ وﻭﻧﻈﺎمﻡ اﺍﻟﻟﺜﻼﺛﺔ أﺃﻧﻈﻤﺔ: ﻧﻈﺎمﻡ ﺿﻐﻂ  ﮫﻪوﻭاﺍﻻﻗﺘﺼﺎدﺩﯾﻳ ﯿﻴﻞ اﺍﻟﻔﻨﯿﻴﮫﻪدﺩرﺭاﺍﺳﺔ اﺍﻟﺘﺤﺎﻟ
ﻧظﻅﺎمﻡ  اﺍنﻥأﺃظﻅﮭﻬرﺭتﺕ اﺍﻟﻧﺗﺎﺋﺞ اﺍﻟﻔﻧﯾﻳﺔ وﻭاﺍﻻﻗﺗﺻﺎدﺩﯾﻳﺔ  ﻓﻲ اﺍﻟﻤﺒﺎﻧﻲ اﺍﻟﺘﺠﺎرﺭﯾﻳﮫﻪ. ﻟﻛﮭﻬرﺭوﻭﺿوﻭﺋﻲاﺍ ﺒﺨﺎرﺭاﺍﻟﻧﻈﺎمﻡ ﺿﻐﻂ وﻭ اﺍﻟﺸﻤﺴﯿﻴﺔ
ﻟﻛﮭﻬرﺭوﻭﺿوﻭﺋﻲ. ﻛﺷﻔتﺕ اﺍﻟﻧﺗﺎﺋﺞ اﺍﻟﺣرﺭاﺍرﺭﯾﻳﺔ أﺃنﻥ اﺍ ﺒﺨﺎرﺭاﺍﻟﺿﻐﻂ ﻣﺗﺻﺎصﺹ ﺑﺎﻟطﻁﺎﻗﺔ اﺍﻟﺷﻣﺳﯾﻳﺔ ھﮪﮬﻫوﻭ أﺃﻛﺛرﺭ ﺟدﺩوﻭىﻯ ﻣنﻥ اﺍﻻ
. وﻭأﺃﺧﯾﻳرﺭاﺍ ،٬ أﺃﺷﺎرﺭتﺕ  ﻣﻊ اﺍﻟﻣﻛﺛفﻑاﺍﻟﺑﺎرﺭدﺩ  ﻣﺟﺗﻣﻊوﻭ ﻧظﻅﺎمﻡ اﺍﻟﺗﺧزﺯﯾﻳنﻥ اﺍﻟ ﻛﺛفﻑأﺃﻓﺿلﻝ اﺍﻟﺗﺻﺎﻣﯾﻳمﻡ ھﮪﮬﻫﻲ ﻧظﻅﺎمﻡ اﺍﻟﺗﺧزﺯﯾﻳنﻥ اﺍﻟﻣ
  ﻓﻲ ﺑدﺩاﺍﯾﻳﺔ وﻭ ﻧﮭﻬﺎﯾﻳﺔ أﺃﺷﻌﺔ اﺍﻟﺷﻣسﺱ.اﺍﻟﻧﺗﺎﺋﺞ أﺃنﻥ ﻣﻌﺎﻣلﻝ اﺍﻷدﺩاﺍء ﯾﻳﻧﺧﻔضﺽ 
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 CHAPTER 1  
INTRODUCTION 
The extreme cooling demand in Saudi Arabia is a direct outcome of hot weather 
conditions. The ambient temperature in Saudi Arabia reaches 46 ∘C at night in summer 
[1], hence, it is essential to use air-conditioning in all life fields; mainly in the building 
sector such as residential, commercial and industrial buildings. Currently, almost all the 
air-conditioning generated in Saudi Arabia is by means of conventional, vapor-
compression, systems. These systems are driven by the electrical energy which is 
produced by burning fossil fuel. If this electrical energy is saved, it can be effectively 
used in other sectors such as industrial application. The non-industrial sector consumes 
nearly 81% of the total electrical energy produced in Saudi Arabia as shown in figure 1-1 
[2]. Approximately 65% of this energy is consumed by air conditioning systems [3]. 
Hence, air conditioning systems alone are consuming 53% of the total electrical energy 
produced by Saudi Electrical Company SEC.  
 
At the current growth rate, the future domestic power demand is predicted to 
increase to 71 GW and 120 GW by 2020 and 2030 respectively as shown in figure 1-2 
[4]. The projected electricity demand in the next two decades will require an increase in 
fossil fuel local consumption to about 8.3 Million Barrel/Day [4]. Therefore, it is critical 
to consider the utilization of innovative solutions such as solar cooling as almost all the 
air-conditioning systems in Saudi Arabia are vapor-compression.  
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Figure 1-1 Saudi Arabia Electrical Power Demand Distribution [2] 
 
 
Figure 1-2 Projected Growth in Saudi Arabia Domestic Power Demand [4] 
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The environmental effects of carbon dioxide are currently of significant interest. 
Energy consumption in various sectors is the main source of CO2 emission. The increase 
of carbon dioxide emission has major negative impact on the environment. According to 
the World Bank, Saudi Arabia emits close to 1.4 % of the world CO2 emission as shown 
in Table 1-1 [5, 6]. The table shows that the rate of CO2 emissions is high. The use of 
solar air-conditioning system will reduce the emission of carbon dioxide which will have 
positive impact on the environment. The average amount of CO2 emission that can be 
reduced when using solar energy is about 392 CO2/kWh of electricity [7].  
 
Table 1-1 CO2 emissions in Saudi Arabia [5, 6] 
Country Annual CO2 Emissions (kt) Per Capita (t) 
% of World 
Total 
Saudi Arabia 464,481 17.04 1.38% 
 
The development for a technology of alternative source of energy to run air-
conditioning systems is highly recommended in order to utilize the electrical energy 
generated from the fossil fuels in the production sector, industry, rather than the 
consumption sector such as comfort conditioning. These air-conditioning systems can 
assist in the reduction of CO2 carbon emission which will reduce the global warming 
effects and the environmental pollution. Moreover, these air-conditioning systems can 
considerably share the load of electrical-energy produced by burning fossil fuel. Out of 
various renewable sources of energy, solar energy can be the greatest candidate for air-
conditioning due to the coincidence of the greatest solar radiation input with the period of 
maximum cooling load.  
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Solar energy has other main benefits such as its purity and natural availability. 
The total solar radiation transmitted to the earth is approximately 1.74 x 1017 W [8]. On 
the other hand, the total consumed energy of the world is approximately 1.84 x 1013 W 
[9]. Thus, solar energy can be effectively utilized as potential renewable energy source 
for the total world energy. Solar energy can be used to generate air-conditioning system 
in two methods. In the first method, solar energy can be converted into electricity using 
photo-voltaic modules which can be used to operate a conventional, vapor-compression, 
air-conditioning system. In the second method, solar energy can be used to provide heat 
in the generator, working-fluid, of a vapor sorption (absorption or adsorption) system. In 
the absorption system, the waste heat rejected to the surrounding or the heat gained by 
solar collectors (solar energy) can be used by the generator of absorption refrigeration 
systems. This research will analyze in-depth on Solar Absorption Air Conditioning 
Systems.  
 
 
1.1 Solar Energy Projects in Saudi Arabia  
  
Saudi Arabia has invested in several solar energy projects in the recent years as 
shown in Table 1-2. Table 1-2 shows the completed projects, its size, owner and 
completion date. On other hand, there are still ongoing projects as shown in Table 1-3. As 
shown in both tables, the total size of completed and under construction projects are 
approximately 160 MW.   
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Table 1-2 Completed Solar Energy Projects in Saudi Arabia [10] 
No. Project Name Project Size Owner Completed 
1 Saudi Aramco Solar Car 
Park 
10.5 MW Saudi Aramco 2012 
2 Princess Noura Bint Abul 
Rahman University 
25 MWth 
 
Princess Noura Bint 
Abdulrahman University for 
Women 
2012 
3 King Abdulaziz 
International Airport 
Development Project 
5.4 MW General Authority of Civil 
Aviation (GACA)  
2013 
 
4 KAPSARC project 3.5 MW Saudi Aramco 2013 
5 KAUST Solar Park 2 MW Saudi Aramco 2010 
6 Pilot project 500 kW Saudi Electricity Company 
(SEC) and Showa Shell 
Sekiyu  
2011 
 
7 King Abdullah Financial 
District project 
200 kW KAUST 2012 
 
 
Table 1-3 Ongoing Solar Energy Projects in Saudi Arabia [10] 
No. Project Name Project Size Owner Date 
1 Solar Energy Project 100 MW  Makkah 2018 
2 Al Khafji plant 10 MW 
 
- 2015 
3 KAPSARC II project  1.8 MW Saudi Aramco  2014 
 
 
	  
	  
6	  
	  
The main issues that may have impact on the development of solar energy system 
in Saudi Arabia are the extreme high ambient temperature that could decrease the 
efficiency of PV cells, dust which may have a drop of system performance, and water 
cleaning for collectors which require water consumption which is limited in Saudi 
Arabia. 
     
 
1.2 Solar Absorption Systems 
 
In the absorption air conditioning system, a heat source drives the cooling 
process. Absorption cooling can be considered an alternative to conventional air 
conditioning if excess heat is available, such as heat from the sun which is applicable in 
Saudi Arabia. Absorption air conditioning systems are commercially available and used 
in air conditioning applications since the 1950s. It can reduce the peaks in a building's 
electric load and can be designed for cooling loads ranging on the residential scale of a 
few kilowatts to the megawatt industrial scale. 
 
The main difference between vapor compression and absorption system is that the 
compressor is replaced by absorber, generator and pump. In term of performance, 
absorption systems can be categorized into one of the following three types: 
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§ Single Effect: COP 0.6 to 0.8 
§ Double Effect: COP 1.0 to 1.2  
§ Triple Effect COP 1.4 to 1.6 
 
The coefficient of performance (COP) is used to measure the performance of 
cooling systems. The main benefits of absorption systems are: 
 
§ Vibration-free 
§ Longer life-time 
§ High reliability 
§ Low maintenance 
§ Energy Saving 
 
The major working refrigerant pairs employed for solar absorption systems are 
LiBr-H2O and H2O-NH3. Most researches confirm that the coefficient of performance 
(COP) is higher for Lithium-bromide water compared to other working fluids. The cost of 
LiBr-H2O is low and its performance is high which make it the favorable candidate for 
use in solar air conditioning cycles. However, it cannot be used in sub-zero cooling 
application. The ammonia-water system has the following disadvantages when compared 
to Lithium-bromide water system [11]. 
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• The coefficient of performance (COP) for the ammonia-water system is lower 
than that for the Lithium-bromide water system.  
• Ammonia-water requires a higher generator inlet temperature which results in the 
H2O-NH3 cooling systems achieving a lower COP. 
• Ammonia-water requires higher pumping power and pressures. 
• Ammonia-water is a more complex system to separate ammonia and water vapor 
at the generator outlet using a rectifier. 
• It causes hazards associated which results in the restrictions in-building 
applications of cooling units. 
 
From the above points, the lithium bromide-water system is considered the suitable 
working fluid for solar absorption air-conditioning applications. The major components 
of Lithium-bromide water solar air-conditioning systems are chillers and solar collectors.  
 
An overview of the available technologies, such as open cooling cycles and closed 
thermal driven cooling cycles (e.g., adsorption, absorption) future developments, was 
described in [12]. The up to date of application and installations of solar assisted air-
conditioning in Europe were presented [12]. If the systems are properly designed, solar 
assisted air conditioning can lead to extraordinary primary energy savings. It is essential 
to maximize the use of solar thermal energy by supplying other services that require heat 
such as domestic hot water systems with the solar heat as far as possible in order to 
optimize the economics. Improvements in the performance of thermally driven chillers 
and open cooling cycles play a key role in order to approach economic feasibility.  
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Storage can be used in absorption cooling systems to increase the effectiveness of the 
system and meet continuous operation (24-hour a day). The two common strategies exist 
for the storage are [12]:  
 
1. Heat storage tank that stores excess solar heat, which is then used later if needed.  
 
2. Cold storage tank stores the excess cooling potential and is used if the present 
cold production of the chiller is insufficient to meet the cooling load. 
 
These two methods can be used in combination or individually. The average 
coefficient of performance (COP) of LiBr-water chiller, single-effect, is below 1.0, which 
means that storage downstream of the chiller (cold tank) is necessarily smaller than an 
equivalent storage upstream of the chiller (hot tank). This indicates that the hot storage 
tank must be larger than the cold storage tank to provide corresponding cooling energy 
storage.  
 
The hot water storage tank is used in the heat storage system to order to decrease the 
losses in the exchange of thermal energy. The hot storage tank helps in addressing the 
fluctuating heat availability by allowing the storage of excess heat for later use when heat 
is not sufficient [12].  
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The cold storage can be incorporated, similarly to the addition of the hot storage tank, 
in order to store cooling effect at the period of high radiation for use at the period when 
the available solar energy is insufficient to meet the cooling demand. The cooling load 
reaches a peak in the afternoon or evening times while solar intensity reach a peak in the 
solar noon time. Thus, the storage system is designed to meet the cooling load for 
numbers of hours [12].	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CHAPTER 2 
LITERATURE REVIEW  
This chapter presents the comprehensive assessment on the latest researches in the 
field of solar air-conditioning. The literature review is presenting mainly the techno-
economic comparison of different solar air-conditioning systems, techno-economic 
analysis of solar thermal air-conditioning systems, technical analysis and simulation of 
solar absorption air-conditioning systems and experimental work done for solar 
absorption air-conditioning systems. 
 
2.1 Techno-economic Comparison of Different Solar Air-Conditioning Systems  
In the field of the economic and technical comparison of different solar air-
conditionings, there are several studies that have been done. Enibe [13] highlighted that 
the system cost is the main barrier for PV-powered refrigeration. The solar cell 
efficiencies have increased recently from 7 to 13%, and the unit costs have decreased, 
however, the overall system cost of the vapor-compression refrigeration is still below the 
overall system cost of the PV-powered refrigeration. Therefore, solar absorption 
refrigeration systems are candidate selection in the development of small communities 
particularly those are away from the electrical net. Fong et al. [14] conducted 
comparative study for subtropical city for five solar cooling systems types: solar 
absorption refrigeration, solar PV-vapor compression refrigeration, solar mechanical 
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compression refrigeration, solar adsorption refrigeration and solar solid desiccant 
cooling. The results showed that the energy saving is higher for solar PV-vapor 
compression refrigeration and solar absorption refrigeration in the subtropical Hong 
Kong. 
 
Karagiorgas et al. [15] performed the analysis for five renewable energy 
technologies: solar PV, solar thermal, solar passive, geothermal energy and biomass. The 
analysis conducted in parallel for five Europe regions: Sicily, East Attica, Alpes- 
Andalusia, Maritimes and Madeira. The project HOTRES aimed outlook enormous 
applications of the renewable energy developments in industry. The objective of this 
study is to show the technical–economic results attained of the applicable broad technical 
support project in 200 hotels. The shortest payback period refers to the solar thermal. The 
payback period varies from 1.7 years in Greece up to 19 years in France for the solar 
thermal. On the other hand, it varies from 6 years in Spain up to 43 years in Greece for 
the solar PV. Kim and Ferreira [16] presented the comparison analysis of solar thermal 
refrigeration and solar Photo-voltaic refrigeration systems in term of energy efficiency 
and economic feasibility. The results indicated that solar Photo-voltaic refrigeration 
systems are more expensive than solar thermal systems. 
 
Mokhtar et al. [17] analyzed several technologies of solar cooling. The 
methodology is based on assessing the performance of each solar cooling technology as a 
system taking into account cost, performance parameters and weather and cooling 
demand. The assessment was applied to 25 solar cooling technologies based on the 
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climatic conditions and cooling demand time series of Abu Dhabi, UAE. The results 
showed that large-scale cooling plant options are the most economical. On a smaller 
scale, Fresnel concentrators and thin film PV cells are the most economically viable. 
However, in terms of overall efficiency, the multi-crystalline PV cells with vapor 
compression chillers were the most efficient option of all. Kohlenbach and Dennis [18] 
showed the current and future outlook of solar cooling in Australia. The current potential 
of energy by using alternative solar air-conditioning systems was discussed. The lifetime 
cost is lower for solar thermal cooling system than the solar photovoltaic cooling system. 
However, both systems have higher lifetime costs than a conventional vapor-compression 
system. The solar thermal cooling is more economic than the solar photovoltaic cooling if 
the electricity rate is below $0.28/kWh. The solar photovoltaic system becomes the most 
economic cooling alternative if the electricity rate exceeds $0.54/ kWh. The solar thermal 
system becomes more economic than a conventional system for electricity rate above of 
$0.67/kWh. Hartmann et al. [19] presented a comparison of solar thermal and solar 
electric cooling for a typical small office building exposed to two different European 
climates (Freiburg and Madrid). A parametric study on collector and storage size was 
carried out for the solar thermal system to reach achieve the minimal cost per unit of 
primary energy saved. The grid coupled PV system led to lower costs of primary energy 
savings than the solar thermal system at both locations. The presumed macroeconomic 
advantages of the solar thermal system, due to the non-usage of energy during peak 
demand, can be confirmed for Madrid. 
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Arias-Varela et al. [20] presented a system design of absorption refrigeration to 
conserve sea food to communities lack the source of conventional energy using evacuated 
tube solar collectors. Initially, solar energy refrigeration is more expensive, however, 
they have the same cost at twenty three years of operation. When the lifetime exceeds 
twenty-three years, the conventional refrigeration will be more expensive. Florides et al. 
[21] developed TRNSYS simulation of an absorption solar cooling system that consists 
of 15 m2 (CPC) compound parabolic solar-collector, LiBr–water absorption refrigerator 
of 11 kW, storage tank and boiler. The total life cycle cost for 20 years of the complete 
system will be £13,380. The cost of the absorption system will be £4800. The results 
showed that the absorption system is economically competitive compared to conventional 
cooling systems when its capital cost is below £2000.  
 
Zettel [22] provided a framework for public power utilities that are interested in 
alternatives to conventional HVAC systems. The review focused on the reduction of peak 
demand while simultaneously deriving the majority of the energy needed to operate the 
HVAC system from a renewable resource, the sun. The initial installation costs of the 
SAAC (Solar-Assisted Absorption Chilling) system are nearly 9 times that of a 
conventional system. The small SAAC systems are being installed for approximately 
$9,000/ton without gas fired backup, while the conventional packaged units are installed 
for approximately $1,000/ton.  As evident by the 15 year net present value (NPV) of both 
systems, the SAAC is not cost competitive on a life cycle basis. This is mainly due to the 
high cost of initial installation. In order to break even with the conventional technology, 
the installed cost of the above SAAC system would need to equal approximately 
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$4,300/ton. At this price level, the savings realized from reduced electricity, natural gas, 
and capacity usage render SAAC as a commercially competitive product. Shekarchiana et 
al. [23] investigated the energy cost per unit area and the required energy for cooling per 
unit area for air conditioning systems in Iran. Also they investigated the impact of the 
coefficient of performance (COP) of absorption systems on cost saving. It was found that 
using absorption systems will increase the energy usage per unit area; however, the 
energy cost per unit area will decrease. For each 0.1 increment in COP of absorption 
systems, there is at least $ 50/m2 saved cost. 
 
Pietruschka et al. [24] compared different solar thermal cooling systems to a PV 
driven and a net connected compression chiller in hot and dry southern climate for an 
office building project in Cairo Egypt. Four different systems are studied: single-effect, 
double-effect and triple-effect absorption systems and a PV driven compression chiller. 
The single effect reaches efficiency of 40% where double and triple effects reach to 31% 
and 27%. The COP is 0.7, 1.31 and 1.83 for single, double and triple effects. The triple 
effect has the highest primary energy ratio of 1.6 while the single effect has the lowest 
ratio of 1.43. Chemisana et al. [25] presented a comparison between two cooling systems 
for a specific three-floor building, with and without solar concentration. The first is a 
conventional system which consists of evacuated tube collectors feeding a single-effect 
absorption system. On the other hand, a Fresnel reflective solar concentrating system is 
coupled to a double-effect absorption system. The results showed an important reduction 
of the solar collectors' absorber area in the concentrating system compared with the 
standard solar thermal installation. However, the solar concentrating system requires a 
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large aperture area. The rejected heat in the double-effect chiller is lower which lead to 
significant reduction of the investment and operation costs of the solar concentrating 
cooling system.  
 
Otanicar et al. [26] described an economical comparison of thermally and 
electrically solar cooling driven. It was discussed the comparison of the initial costs of 
each technology and future costs of solar electric and solar thermal systems. The system 
cost for solar photovoltaic cooling is highly dependent on the system coefficient of 
performance (COP) when photovoltaic (PV) prices remain at the current levels, however, 
when prices are lowered the effect of the coefficient of performance (COP) becomes 
diminished. The cost of solar collection for solar thermal cooling is much lower as 
overall cost percentage while the cost of the refrigeration system often represents a higher 
percentage of the cost. The cost of the PV cooling is projected to be decreased much 
more than the solar thermal cooling over the next 20 years due to the relatively stable cost 
of collection and storage of the solar thermal cooling. Fong et al. [27] analyzed the 
performance of solar cooling systems with building integrated (BI) solar-collectors. Two 
types (flat-plate collectors for absorption refrigeration and the PV panels for DC-driven 
vapor compression refrigeration) were used in the analysis. It was found that in both 
cases, the adoption of BI solar collectors resulted in a higher primary energy consumption 
even though the zone loads were reduced. If energy saving potential considered, the 
system performance with the BI flat-plate type collectors made them technically 
infeasible. The use of BI solar collectors in solar cooling systems should be restricted 
only to situations where the availability of the roof was limited or insufficient when 
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applied in sub-tropical regions like Hong Kong. Asdrubali et al. [28] conducted 
comparative analysis, by the University of Perugia, of solar cooling systems to assess 
their potentialities, and to indicate the qualities and limitations of each system for market 
introduction.  The analysis showed that the solar cooling technology is mature to become 
a replacement to the high level of electric consumption due to the high summer cooling 
demand.  
 
Abdulateef et al. [29] performed an economical assessment for a solar cooling 
system based on life-cycle savings for Malaysia and similar regions. The system consists 
of 70 m2 evacuated tube solar collectors and ammonia-water absorption unit. The 
prospects of solar cooling are expected to further improve with the growth of solar 
industry and the escalation of fuel cost. Thomas and Andre [30] built a simulation that 
can analyze precisely the energy consumption of an air conditioning system using a solar 
driven absorption chiller, the rejection system, solar panels field, storage devices, heater, 
pumps, heating-cooling, networks, emission system and building. The simulation features 
were defined closely to real-life operation (typical European office building); almost all 
air-conditioning devices have their parameters taken in manufacturers' data sheets. 
	 
 
Casals [31] analyzed the first commercial solar heating and cooling implemented 
recently in Spain. Limited effective storage capacity should be compensated as far as 
possible with appropriate design choices. The operating strategies with this objective, like 
maintaining building air conditioning in non working days to store cooling energy in the 
building structure should be also considered. The solar absorption cooling may be loosing 
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its market chance because of the long time that it is taking to give an appropriate answer 
to its costs and its technical limitations. Centralized solar cooling is close to become 
available and present significant cost and other advantages. 
 
Shahin [32] investigated the effect of dust on solar photovoltaic systems in Saudi 
Arabia. It was indicated that the dust led to 10 – 15 % efficiency loss in one month in 
case there is no cleaning. Moreover, it was illustrated that the dust has effect by 5 - 7.5% 
unavoidable energy loss of power plant. The decrease in solar energy efficiency due to 
dust storms was measured to be 60%. It was concluded that the dust effect on 
performance varies per location and per technology. It was recommended that 
photovoltaic systems in Saudi Arabia need models for frequency of cleaning.  
 
Concentrator photovoltaic (CPV) uses lenses and curved mirrors to direct sunlight 
onto small multi-junction solar cells. CPV systems use solar trackers to increase the 
system efficiency. This technology requires less photovoltaic material, has higher 
efficiency and its optical system comprises standard materials [33]. However, in 2013 
CPV installations accounted for only 0.1% or 50 megawatts (MW) of the annual global 
PV market of nearly 39,000 MW. The main challenge of CPV is to compete with flat-
plate PV modules on cost, in light of the recent drop in flat-plate PV module prices. CPV 
companies expect that this technology can compete with flat-plate PV when installed in 
sunny areas, but the road to scale has been difficult [34]. 
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2.2 Techno-economic Analysis for Solar Thermal Air-conditioning Systems 
 
Several techno-economic studies have been conducted for solar thermal air-
conditioning systems. Tsoutsos et al. [35] conducted an economic analysis for solar 
absorption cooling system and solar adsorption system. The study showed that absorption 
system is cheaper than adsorption system by 50 % in term of capital cost. The analysis 
demonstrated that solar cooling systems are better suited to replacing conventional air-
conditioners in remote areas, where there is no connection with the electricity grid and 
where the conventional fuel used is gas. Younes et al. [36] studied a Lithium-Bromide 
absorption machine viewing the amount of fuel used in the last years for air-conditioning 
systems. The effect of absorption machine in saving a large amount of fuel was 
discussed. The results showed that the absorption machine requires 6 years and eight 
month to retain its costs with an annual payback of $120,000. However, the absorption 
machine and its equipment are more expensive than the centrifugal machine and its 
equipment. The time back decreases as the absorption machine power increases.  
 
Calise [37] presented dynamic modeling of a solar heating and cooling system 
and studied detailed optimization of its thermo-economic performance. A detailed case 
study was developed and discussed, in which hourly, monthly and yearly results are 
presented. The system under investigation, designed to provide 20% of the maximum 
cooling load by of solar source. It was capable to achieve a significant primary energy 
saving of 64.7%. In order to get a satisfactory economic performance of the SHC system, 
a possible public feed-in tariff was considered. The Payback is approximately 12 years. 
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Obviously, without any economic public contribution, the Pay Back periods would be 
much longer than the system operating life. Cleveland et al. [38] provided a model to 
outline financial options for commercial solar thermal investments and provide a analysis 
of system costs, escalation of energy costs, and renewable energy credit prices. The net 
present value (NPV) of conventional and solar system turn out to be approximately 
equivalent between years 13 and 14 of the project. The results showed that the solar 
system have an incrementally better NPV in the remaining years. The net present value 
(NPV) for the solar system improves with higher energy price escalation and with longer 
evaluation time frames and.  
 
Tsoutsos et al. [39] studied the performance and the economical evaluation of a 
solar heating and cooling system of a hospital in Crete using the transient simulation 
program (TRNSYS). The results proved that LiBr–H2O has a higher coefficient of 
performance (COP) than that of the other working fluids. The payback time without 
funding subsidies is 11.5 years. In the case that there is a funding of 40%, the payback 
time reduced to 6.9 years. Koroneos et al. [40] presented the cost analysis of a 70 kW 
solar-powered LiBr-H2O absorption chiller. Their results pointed out that the cost of this 
system is 138,000 Euro which is 107,640 Euro higher than the cost of the conventional, 
vapor-compression, system. The payback time of this system is approximately 24 years. 
 
Hang et al. [41] presented a methodical economical, energetic, and environmental 
assessment on a solar cooling system for a medium-sized office building in Los Angeles, 
California using system modeling. The studied system consists of evacuated-tube solar 
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collectors and single-effect LiBr-H2O absorption chiller at 120 kW working with both a 
hot tank in the solar collection loop and cold storage tanks in the load loop. As the solar 
collector area increases, the solar cooling system becomes increasingly expensive, mainly 
due to the high initial cost of the solar collectors and absorption chiller. It showed that 
when considering government subsidies, the simple year payback of the optimized solar 
cooling system case becomes 13.8 years, which is 40% less than the case without 
government subsidies. Al-Alili et al. [42] evaluated the feasibility of a solar powered 
absorption cycle under Abu Dhabi’s climate conditions. The proposed system uses 
evacuated-tube collectors to drive a 10 kW ammonia–water absorption chiller. The solar 
air conditioner system has a specific collector area of 6 m2/ kW and a specific tank 
volume of 0.1 m3/kW. The selected system size requires about 47% less electrical energy 
than the widely spread vapor-compression cycles of the same cooling capacity. The 
ammonia–water system has the advantage that it can be operated at very low 
temperatures. The solar absorption air conditioners are less attractive when the electricity 
prices are low due to longer payback period (PBP). 
 
Eicker and Pietruschka [43] showed a design of solar thermal absorption systems. 
A comprehensive simulation model was presented for absorption cooling systems, 
combined with a stratified storage tank under steady state condition or dynamic collector 
model and hourly resolved building loads. The simulation was verified with experimental 
data from various solar cooling plants. The cost analysis of solar powered LiBr-H2O 
absorption system was also conducted. The total system costs are between 180 and 270 
Euro MWh-1. The costs can rise as high as 680 Euro MWh-1 for commercially available 
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solar cooling systems for a more moderate climate with low cooling energy demand. The 
results of the cost analysis showed that for long operation hours in the locations of 
Southern European, cooling costs are around 200 Euro MWh-1 and about 280 Euro MWh-
1 for buildings with lower internal gains and shorter cooling periods. Florides et al. [44] 
presented the simulation of LiBr-water system performance equipped with 15m2 
compound parabolic collectors and a 600 Liter hot water storage tank. The cost 
optimization for Cyprus was also performed. The results of cost optimization showed that 
the life cycle savings are £1,376 without subsidized fuel cost. Florides and Kalogirou 
[45] studied the optimization of the major components of Lithium-Bromide water (LiBr-
H2O) absorption solar cooling system. The studied components and parameters are the 
solar collector type, slope and area and the storage tank size. The analyzed collector types 
are the flat plate, evacuated tube and compound parabolic collectors. The optimization 
was established based on the life cycle cost of the solar system versus the amount of 
useful energy collected. The analysis indicated that using approximately 28,100 kWh of 
boiler heat can meet the annual load. The results showed that it was economically 
feasible to replace approximately 10,000 kWh with solar energy collected with 15 m2 of 
compound parabolic collector (CPC). It was found that the life cycle savings of this 
system were € 320. The increase of the cost of fuel compels consumers to move to other 
energy forms in order to meet their needs. Renewable energy forms can economically 
replace part of the fuel energy as the fuel price increases.  
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Moreno et al. [46] studied variables that have effect on solar cooling of a building 
air-conditioning system to resolve the external conditions of temperature and radiation in 
order to achieve the required room temperature. The results showed that as the surface of 
solar collectors’ area increases, the slope of the solar supply curve decreases due to the 
average temperature increase of water in the collectors, which makes the performance to 
decrease. The yearly cost of gas boiler increase increases as the storage tank volume 
increases. This confirms that the increase that is caused by losses as a result of the bigger 
contact surface with the outside, in this case, is more significant than the increase of the 
capacity of heat storage connected to the bigger volume. Calise et al. [47] investigated the 
optimal thermo-economic configuration of Solar Heating and Cooling systems (SHC). A 
case study is referred to an office building located in Naples (south Italy); for such 
building, three different SHC configurations were analyzed. A zero-dimensional transient 
simulation model, developed in TRNSYS, was used to analyze each layout from both 
thermodynamic and economic points of view. The results were presented on weekly and 
monthly, were paying a special attention to the financial flows and energy in the optimal 
configurations. The thermo-economic analysis and optimization showed that a good 
funding policy for the promotion of such technologies should combine a feed-in tariff 
with a slight Capital Cost Contribution, allowing to achieve satisfactory Pay-Back 
Periods. Moya et al. [48] determined the efficiency and viability of the performance of an 
advanced tri-generation system that consists of a micro gas turbine in which the exhaust 
gases heat hot thermal oil to produce cooling with an air cooled absorption chiller and hot 
water. The modeling performance of the tri-generation system and the electrical modeling 
of the micro gas turbine were presented and compared with experimental results. The 
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primary energy saving and the economic analysis showed the advantages and drawbacks 
of this tri-generation configuration. 
 
Sumathy et al. [49] presented a design of an integrated solar cooling and heating 
system using two-stage absorption chiller, cooling capacity 100 kW. The results showed 
that the system (two-stage chiller) can achieve around the same total COP as of the 
conventional cooling system (single-stage chiller) with a cost reduction of about 50%. 
Edem et al. [50] studied absorption and adsorption for long-term solar energy storage. 
Even though there is no mature long-term sorption or thermo-chemical energy storage 
yet, primarily, as the cost of the materials is still high, the suitability of this technology to 
long-term storage remains its main power of attracting. The study has demonstrated the 
feasibility of such systems but has ended up in chemical heat pumps or short-term storage 
machines for those with highest performances. The materials that have been studied are 
essentially the same that are used for conventional absorption/adsorption machines, i.e. 
chemical heat pumps and absorption chillers. The study interested in closed adsorption 
has led unsatisfying results but those that used closed absorption seem to be promising. 
 
Kizilkan et al. [51] performed thermo-economic optimization of a LiBr absorption 
refrigeration system. Thermo-economic optimization technique combines thermodynamic 
analysis with economic constraints to obtain an optimum configuration of a thermal 
system. Different components like condenser, absorber, generator and evaporator were 
analyzed. This study determined the optimum heat exchanger areas with optimum 
operating temperatures. The optimization specified a cost function for the optimum 
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conditions. Rosen [52] conducted the economic analysis based on exergy rather than 
energy analysis of the LiBr absorption system components. He reviewed different 
relations based on exergo-economics, thermodynamics, and capital cost and 
thermodynamic.  
 
Farshi et al. [53] conducted the energy-economic analysis of the absorption 
cooling system (double-effect). The analysis results showed that the cost decreases as the 
evaporator and the generator temperatures increases, the condenser temperature 
decreases, and the solution heat exchanger effectiveness decreases. Massimo and Filippo 
[54] applied the theory of exergetic cost on a refrigeration plant. This methodology 
reduced the global problem into a locally optimized system in which costs of all internal 
flows were evaluated. A simplified cost minimization methodology is applied to evaluate 
the economic costs of all the internal flows and products of the installation. The results 
showed that that a design configuration not far from the real global optimum can be 
obtained by means of a sequential, local optimization of the system, carried out unit by 
unit, that is, breaking down the global problem into a sequence of simpler problems. The 
results showed acceptable accuracy when compared with the conventional optimization 
methodology. 
 
Jerko et al. [55] presented the cost of the absorption system. The average cost 
sharing for small scale solar cooling systems showed that 35% of the total cost is mainly 
of storage tanks, fans, pumps, and other type of auxiliary equipment costs; absorption 
chiller shares approximately 30% of total cost; solar collectors make 20%; control system 
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around 10% and 5% are other costs. The costs of two systems (US installation and Italian 
installation) are compared per kW of produced cooling capacity. The US installation with 
2886 €/kWc seems to be twice cheaper compared to 6537 €/kWc of the Italian 
installation. The cost of solar collectors and storage could be lowered by 10% in the next 
2-3 years while the cost reduction potential for absorption chillers is around 20%. 
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2.3 Technical Review, Thermal Analysis and Simulation Studies for Solar 
Absorption Air-conditioning Systems 
 
Absorption systems have gained considerable attention among researchers. 
Several studies have been conducted for solar absorption air-conditioning systems. 
Chung et al. [56] built a solar air conditioner by using lithium bromide-water as the 
working fluid during the summer of 1962. The solar air conditioner was used to cool part 
of the Laboratory of Solar Energy of the University of Wisconsin. Wang et al. [57] 
presented various solar cooling typical systems, small scale, for potential residential 
applications. The system suitability for solar cooling, working principals, maintenance 
and performance have been also presented. This work helps in addressing detailed 
options and guidelines of solar cooling for residential applications. 
	  	  
Ullah et al. [58] presented the review of different solar thermal refrigeration 
systems within various working fluids. The review focuses mainly on solar adsorption 
refrigeration systems and solar absorption refrigeration systems. The different working 
pairs are demonstrated by taking into consideration the coefficients of performance 
(COP), cooling capacity, minimum and maximum working temperatures and specific 
cooling power. The review indicates optimum operating conditions and performance of 
those systems. Zhai et al. [59] introduced the review of the existing experimental and 
theoretical investigations of solar single effect absorption cooling systems. They showed 
some new design options related to auxiliary energy systems, cooling modes and solar 
collectors. The review indicated that the flat-plate and the evacuated tubular solar 
collectors are still the major preferred selections for solar absorption cooling systems in 
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the near future. Most of the solar cooling systems available in the market are mainly 
single effect absorption systems, with a demonstrated technology employing LiBr-H2O as 
the working fluid pair. The review summaries the coefficient of performance (COP) of 
the exiting single-effect absorptions cooling systems; COP: 0.33-0.7 and collectors 
efficiency; 35%-50%.  
	  
Shwarts and Shitzer [60] investigated thermodynamically the feasibility to operate 
the solar absorption refrigeration system for the application of air-conditioning purposes. 
The results illustrated that the system was applicable for air-conditioning domestic use. 
Sun [61] demonstrated a thermodynamic design of the absorption refrigeration processor 
for water-ammonia, and lithium bromide-water. An optimization of absorption 
refrigeration system was performed in order to map the most common cycles. The results 
can be utilized to achieve a maximum coefficient of performance (COP) from the system 
by selecting the optimum operating conditions. Antonio et al. [62] conducted a 
thermodynamic simulation of a solar single absorption refrigeration cycle (ammonia-
water) that uses solar energy as a primary source. The simulation is used to analyze the 
effect of the heat exchanger effectiveness and the generator temperature on the 
Coefficient of Performance (COP) and mass flux. The simulation results showed that the 
system Coefficient of Performance (COP) decreases as the generator temperature 
increases. The simulation results indicated that for constant heat exchanger effectiveness, 
there is an optimum generator temperature to be used.  
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Karamangil et al. [63] presented a review on the absorption refrigeration systems 
(ARSs), the currently used refrigerant–absorbent pairs and their alternatives. The 
thermodynamic analysis of ARS using commonly encountered solution pairs was carried 
out, and a software package including visual components was developed. The effects of 
operating temperatures, the effectiveness of solution, refrigerant and solution–refrigerant 
heat exchangers (SHE, RHE, SRHE), and selection of working fluid pair on the system 
performance were examined by using the developed package. It was concluded that the 
coefficient of performance (COP) of the cycles improve with the increase of the 
generator and the evaporator temperatures. However, the coefficient of performance 
(COP) decreases with the increase of the condenser and absorber temperatures. Gomri 
[64] conducted both the first law and second law of thermodynamic analysis of LiBr-H2O 
system. The analysis conducted for the single effect, the double effect and the triple effect 
systems. The analysis results showed that the maximum efficiency of the second law for 
the single effect, the double effect & the triple effect systems are as follows: 0.125-0.232, 
0.143-0.251 & 0.177-0.252 respectively.  
 
Kaushik & Arora [65] presented the first law and second law of thermodynamic 
analysis of single effect and double effect LiBr- H2O absorption system. The first law 
analysis results showed that the coefficient of performance (COP) of double effect 
absorption system is 60 to 70% higher than the single effect absorption system. The most 
favorable coefficient of performance (COP) is achieved when the generator temperature 
is equal to 91°C for single effect system and 150°C for double effect system. 
Correspondingly, the second law analysis results showed that the optimal exergetic 
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efficiency is achieved when the generator temperature is equivalent to 80°C for single 
effect system and 130°C for double effect system. Kilic & Kaynakli [66] conducted also 
the first law and second law of thermodynamic analysis of LiBr- H2O absorption system. 
The results demonstrated that irrespective of the working conditions, the generator has 
the highest exergy loss component such as 45.6% of the overall exergy loss of the 
system. On the other hand, the pump and refrigerant heat exchanger have the lowest 
exergy loss component of the system. 
 
Rosiek and Batlles [67] presented the solar powered, single effect, absorption 
cooling system of cooling capacity of 70 kW installed in the Center of Solar Energy 
Research in Spain which consists of 160 m2 flat-plate solar collectors to cover the energy 
demands whichever for cooling in summer or heating in winter. The solar powered 
cooling absorption system performance was observed and measured by data acquisition 
system. The results showed that, the cooling demand and heating demand during the 
entire year were 13,255 kWh and 8,124 kWh, respectively. Moreover, the results 
indicated that the solar collectors were capable to provide satisfactory energy supply to 
meet the total heating demand and cover the absorption system requirements during the 
summer mode during one year of operation. For summer months, the cooling capacity 
and the average coefficient of performance (COP) values are found 40 kW and 0.6, 
correspondingly. Pongsid et al. [68] provided the review of different types of absorption 
systems. Different absorption cycles are compared to invent new efficient cycles. Multi 
effect systems with increased COP have shown a great potential to be used for large scale 
industries. They also discussed the ways by which the increased COP of the system can 
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be achieved without increasing the complexities. A combined ejector-absorption system 
can provide the COP as high as a double effect system and it can be used for domestic 
refrigeration.   
 
Gomri [69] investigated the potential for the application of single effect system, 
double effect system and triple effect system absorption cooling cycles for production 
chilled water. For the three systems identical cold output of 300 kW was used. The 
simulation results used to analyze effect of various operating parameters on the 
coefficient of performance (COP), the efficiency and the refrigerant mass flow rate ratio 
required to the three systems heat supplied. When operating under the same conditions, 
the results showed that, for double effect system, the coefficient of performance (COP), 
1.22-1.42, is roughly double the coefficient of performance (COP) of single effect 
system, 0.73-0.79. Also, it indicated that, for triple effect system, the coefficient of 
performance (COP) is almost triple the coefficient of performance (COP) of single effect 
system. Maintaining the exergy to its minimum, the applicable generator temperature for 
varying condenser and evaporator temperatures was determined. The efficiency of double 
effect system and triple effect system increase slightly compared to the efficiency of 
single effect system. Triple effect system generated more vapor refrigerant per unit heat 
supplied as compared with single effect and double effect systems. Alizadeh [70] 
performed a technical study of multi pressure absorption cooling systems. The study 
showed that double effect absorption refrigeration has almost twice the COP at the 
optimum generator temperature as compared to the single effect refrigeration system. The 
effective electrical COP for different chiller configurations was also compared. It 
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concluded that the maximum effective electrical COP for ideal single effect refrigeration 
system was achieved. 
 
Balghouthi et al. [71] presented a solar cooling absorption chiller, 16 kW LiBr-
water double effect, installation located at the Center of Researches and Energy 
Technologies (CRTEn), in Bordj-Cédria, Tunisia. The system composed mainly of 
parabolic trough solar collectors, associated with a cooling tower, a backup heater, two 
tanks for storage and drain-back storage and a set of fan-coils installed in the building to 
be conditioned. It was found that the coefficient of performance COP was ranged 
between 0.8 and 0.91 during the installation running while the solar coefficient of 
performance (COPs) was between 0.1 and 0.43. The maximum output of the absorption 
chiller was around 12 kW. Lecuona et al. [72] determined the temperature of the hot 
water that increases the total instantaneous efficiency of a solar cooling facility, single-
effect lithium bromide–water absorption systems. They developed a model for a modified 
characteristic equation for small capacity air conditioning machines of small buildings 
and homes.  
 
Kim and Ferreira [73] theoretically investigated an air-cooled LiBr–H2O 
absorption chiller with low temperature-driven for solar air-conditioning applications in 
dry and hot regions. The system is developed for a combination with low-cost flat solar 
collectors. The investigation covered directly and indirectly air-cooled chillers that were 
modeled and solved with an algebraic equation solver by properly combining component 
models and boundary conditions in a matrix system. The results of the simulation found 
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that the chillers can supply chilled water approximately at 7.0 ºC and coefficient of 
performance (COP) of 0.37 from 90 ºC hot water for 35 ºC ambient conditions. 
Compared with the directly air-cooled chiller, the indirectly air-cooled chiller presented a 
cooling power performance reduction of about 30%. Gordon and Choon [74] analyzed 
mini-dish systems that can supply high-temperature heat at high efficiencies of solar-to-
thermal conversion. The mini-dish systems were able to provide coefficient of 
performance (COP) about 1.0 to double-stage absorption chillers.  
 
Berhane et al. [75-77] considered the exergy destruction of half, single, double and triple 
effect LiBr-H2O absorption cycles. The half effect absorption system configuration is the 
same as the double effect absorption except the heat flow directions are different. In the 
half effect system, the high temperature heat from an external source transfers to both 
generators. The coefficient of performance (COP) of the half effect absorption system is 
relatively low as it rejects more heat than a single effect absorption cycle around 50%. 
However, it can be operated with the relatively low temperature heat source. In the tripe 
effect absorption system, three generators are used in total (high-temperature, medium 
temperature, and low-temperature). The heat of high temperature generated in the high 
temperature generator is sequentially used in the generators of lower temperatures. An 
increase in COP from double to triple effect absorption cycles was investigated. Largest 
energy destruction was obtained at generator and absorber components. The effect of 
coefficient of 25 structural bonds on the heat exchanger area was considered. This 
proposed approach could be used for alternative design cycles rather than a single design. 
Kayankli & Kilic [78] presented a parametric study, variation of operating parameters, 
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over the coefficient of performance (COP) of the LiBr-H2O system. The results showed 
that the coefficient of performance (COP) increases by 44% by the solution heat 
exchanger while the COP increases by 2.8% by the refrigerant heat exchanger. 
	  
Kundu et al. [79] analyzed the impact of different solar collectors’ types on the 
performance of solar powered absorption systems. The results showed that the concave 
parabolic shape collectors turn to be the most excellent design for the absorption system. 
Yang and Wang [80] investigated the effect of the collector’s types on the performance of 
the chiller. It was concluded that the double-glazed forced convection collector has a 
higher system performance than the single-glazed natural convection collector.  
 
Tubb [81] presented the design of solar power refrigerated 13.5 meter trailers, 
resulting in a cost effective solution which will enable the concept to be accepted as a 
commercial reality. Also, further objective set to operate the trailer temperature at +3 C 
whereas the original design operated at +7 C. The work was achieved by evolving the 
design from the prototype with a strong input from Sainsburys Plc. The results showed 
that during its operation there had been sufficient solar energy to sustain the refrigeration 
system. It showed that during the Autumn months, the difference between the solar 
energy and the refrigeration demand for energy is the smallest, but still positive. In the 
spring months, the difference is a it’s maximum. This is due to the spring temperatures 
being lower than those in Autumn for the same sun positions. Atmaca and Yigit [82] 
demonstrated a simulation of solar cooling absorption system at 10.5 kW constant 
cooling load for Antalya, Turkey. The simulation was developed to analyze solar energy 
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parameters and various cycle configurations. It was found that the storage tank mass 3750 
kg and solar collector area of 50 m2 appeared to be the best choice.  
 
Qussai and Abdul-Ghafour [83] developed integrated transient simulation 
program (TRNSYS) for a solar cooling system, lithium bromide–water absorption chiller, 
for the Iraqi solar house cooling system and other solar cooling systems similar to the 
Iraqi solar house. Other computer programs were developed and used in parallel with 
(TRNSYS) in order to meet the complete the simulation of the system. The simulation 
results, using f-chart model, were used to develop a general design procedure for solar 
cooling systems. The simulation assists in simplifying the designers’ task in predicting 
the long term cooling energy supplied from a solar collector array to operate absorption 
chilled water system. A correlation was developed from the simulation results to estimate 
the hot water storage size needed for the solar cooling system. Balghouthia et al. [84] 
presented a research project to assess the feasibility of solar-powered absorption cooling 
technology, lithium bromide- water, under Tunisian, the capital of Tunisia, conditions. 
The simulations used (EES) and (TRNSYS) programs with a meteorological year data 
file to select and size the different components of the solar system intended for 
installation. The system was optimized for a typical building of 150 m2, 11 kW 
absorption chiller of capacity, 30 m2 flat plate solar collectors’ area tilted 35º from the 
horizontal and, 0.8 m3 hot water storage tank. The simulation results show that absorption 
solar air-conditioning systems are suitable under Tunisian conditions. Despite their high 
first cost, these systems can help to minimize energy use generated by fossil fuel, reduce 
electrical energy at the period of peak demand in summer. 
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Ming et al. [85] studied a solar thermal cooling and heating system at Carnegie 
Mellon University. The study covered the design, modeling, installation and evaluation of 
16 kW double effect, lithium bromide-water (LiBr-H2O) absorption chiller with linear 
parabolic trough solar collectors to effectively supply energy by the means of solar 
energy for the operation of 52 m2 building in Pittsburgh, PA. If the system built-in a 
appropriately sized storage tank and low, short diameter connecting pipes, the solar 
thermal system can potentially provide 39% of cooling and 20% of heating energy of the 
total building demand, Praene et al. [86] analyzed a solar-powered 30 kW LiBr-water 
absorption, single-effect, cooling system. The system was designed and installed at 
Institute University Technology of Saint Pierre. It was found that the solar loop can 
produce hot water to operate the absorption chiller from 8:00 AM to 5:00 PM. The 
system was capable to meet the required thermal comfort with the classrooms mean air 
temperature around 25 ◦C in accordance to the field test. 
 
 Molero-Villar et al. [87] analyzed the selection of the most suitable configuration 
for residential cooling systems with solar energy. In Spain, where cooling needs are 
usually higher than heating needs, the interest of a reversible heat pump as auxiliary 
system and a secondary cooling storage are analyzed. A complete TRNSYS model had 
been developed to compare a configuration with just hot storage and a configuration with 
both, hot and cool storages. As the collector area increases, the advantages of a cool 
storage vanish. The increase of the collector area tends to increase the temperature of the 
hot storage, leading to higher thermal losses in both the collector and the tank. The effect 
of other variables on the optimal configuration was also analyzed: collector efficiency 
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curve, COP of the absorption chiller, storage size, and temperature set-points of the 
chillers. Onan et al. [88] exploited (MATLAB) software to analyze the hourly 
performance of 106 kW solar powered LiBr-H2O system in an environment of ambient 
temperature ranges from 13.2 °C to 40.3 °C. The results showed that the loss of the total 
exergy in the collector varies from 10-70% which has the highest loss compared to the 
other components of the system. Hong et al. [89] illustrated a proposal of an evaporator 
absorber exchange (EAX) absorption system. The system utilizes the heat of 
condensation of the vapors that is produced from the high temperature generator. The 
results of the simulation showed that the coefficient of performance (COP) of this system 
is 40% higher than the conventional single-effect system. However, the coefficient of 
performance (COP) of this system is lower than the conventional double-effect system 
when the generator temperatures operate between 127.5°C to 150 °C. 
 
Somers et al. [90] conducted a comparison between the results of the simulation 
software (EES) and (ASPEN) software. The comparison focused on the performance of 
solar powered LiBr-H2O system, single-effect and double-effect. The comparison results   
of the (ASPEN) software when compared to EES results, showed that there are an error 
of around 3% for the single effect system and 5% for the double-effect system. Cascales 
et al. [91] utilized the artificial neural networks (ANN) software to simulate a solar-
operated LiBr-H2O system. The simulation of the (ANN) code was validated using the 
experimental data of the period of two years. The simulation results showed that (ANN) 
predicted roughly accurate the outlet temperatures of the absorber and condenser. 
However, the prediction of the coefficient of performance (COP) was not accurate most 
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likely due to the high inconsistent experimental results. Calise et al. [92] developed 
transient simulation model (TRNSYS) software for solar assisted heating and cooling 
systems (SHC) for three different configurations using single-stage LiBr–H2O absorption 
chiller. For the three different configurations, the (SHC) system is coupled with 
evacuated solar collectors and gas-fired boiler for auxiliary heating for the usage of 
winter season only. The developed economic model assesses the capital and the operating 
costs of the systems under analysis. The economic model results indicated that the (SHC) 
systems are still not economically feasible. 
 
Ortiz et al. [93] developed (TRANSYS) simulation model to evaluate the 
performance of the solar powered LiBr-H2O system. The results of the simulation 
showed that this system could minimize the total external cooling energy demand by 
ranges of 33% to 43%. Eicker et al. [94] applied dynamic simulation models for 15 kW 
single effect of solar powered LiBr- H2O system. The results of the simulation showed 
that the maximum primary energy ratio of 88% for solar fraction that is approximately 
triple than the electrical conventional system, vapor-compression. Gonzalez-Gil et al. 
[95] described new direct air-cooled, single-effect, LiBr-H2O absorption prototype for 
solar cooling application. The solar facility comprised of a 48 m2 flat-plate collectors to 
examine the operation of the single-effect mode of the prototype. The prototype worked 
efficiently, with COP values around 0.6 and the system was capable to meet 65% of the 
cooling demand corresponding to a room of 40 m2. 
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Solar energy can be successfully exploited for air-conditioning applications by 
using a vapor-absorption system, lithium bromide-water. However, the greatest challenge 
in using solar energy for continuous cooling is the un-availability of solar energy during 
the period of nighttime. In order to achieve such continuous cooling demand from the 
solar energy, it is required to be coupled with a storage system that will compensate for 
these needs at the periods of the nighttime and low solar intensity. The temperature range 
for most of the available phase change materials (PCMs) is from −5 °C to 190 °C which 
is applicable for the energy storage of the absorption air-conditioning system. Zalba et al. 
[96] conducted a review of energy storage of phase change materials (PCM) and heat 
transfer analysis and its applications. The review discussed 45 (PCMs) materials 
commercially available in the market and 150 (PCMs) materials under research. Koca et 
al. [97] analyzed the latent heat storage of a phase change material (PCM): CaCl2.6H2O 
for solar collectors. The analysis used special heat transfer fluid to carry the heat energy 
gained from the solar collectors to (PCM) phase change material. The results indicated 
that the average efficiencies of exergy and energy are 2.2 % and 45 %, respectively. 
Patrice et al. [98] presented the review of the available methods for seasonal storage of 
solar thermal energy. The review mainly focuses on the systems of residential scale and 
those that store sensible forms of energy. The review indicated that chemical and latent 
principles are still present difficulties due to the identification of suitable, cheap materials 
that could offer thermal stability.  
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Chidambaram et al. [99] reviewed researches that discussed storage techniques, 
solar cooling methods and solar collectors. The review covered the improvement of the 
performance of the solar cooling systems, integration using cascaded thermal storage 
systems and thermal stratification systems. The review confirmed that thermal storage is 
necessary in the solar cyclr, in order to take greatest advantage of the solar supply and 
control differences between the solar radiation availability and the cooling requirements. 
The review confirmed indicated that the integration of the thermal storage with solar 
cooling systems increases the overall performance and the cooling capacity as well 
improves the cooling availability. Li and Sumathy [100] analyzed the performance of a 
4.7 kW solar-powered absorption LiBr-H2O air conditioning system with a 2.75 
m3partitioned, into two parts, hot water storage tank and a 38 m2 flat-plate collectors. The 
analysis confirmed that the solar cooling effect can be realized almost 2 hours earlier for 
the system operating in partitioned mode. Moreover, the experimental results indicated 
that the system cannot provide a cooling effect during the days of cloudy when driven 
conventionally. However, in the partitioned mode-driven system the chiller, using solar 
energy as heat source, can be energized.  
 
Salgado et al. [101] presented a numerical model of the multiple purpose solar 
thermal facility installed at Universidad Carlos III de Madrid using the TRNSYS tool. 
The simulation results show that there is a hot storage tank capacity that optimizes the 
facility in terms of COP, SCOP and total cold produced. Even with no storage at all, the 
facility still improves its behavior from current operating conditions. Tang and Gerstler 
[102] proposed novel LiBr based absorption chiller with cold storage to improve 
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absorption chiller operating at high ambient temperatures that may result in performance 
degradation, crystallization in the absorber, and high water consumption for heat 
rejection to the ambient. The cold storage includes tanks for storing liquid water and LiBr 
solution, associated piping, and control devices. The proposed system is designed to 
allow the LiBr solution to crystallize in the absorber. The proposed system is evaluated at 
a representative climate condition and cooling load profile for small buildings with in-
house thermodynamic models and consistent fluid properties and assumptions. The 
performance, size of the storage tank, and the water consumption of the proposed system 
is compared to those of a conventional LiBr-based absorption chiller. 
 
Lazzarin [103] reported some schemes of operating cooling plants by analyzing 
the role of the storage and the sizing of solar section and absorption chiller together with 
recorded results. The results showed that the solar collector performance can be 
optimized and absorption chiller capacity can be reduced when using well sized storage 
system with a cold and hot section. Hamza et al. [104] presented the performance 
assessment of an integrated cooling plant in operation since August 2002 in Oberhausen, 
Germany. The integrated cooling plant consists of free cooling system and 35.17 kW 
solar powered lithium bromide–water absorption, single-effect, chiller. The plant consists 
of 108 m2 vacuum tube collectors, 1.5 m3 cold water storage capacity, 6.8 m3 hot water 
storage tank size and 134 kW cooling tower. In certain cooling months, the free cooling 
can be up to 70% while it is around 25% during the period of five years of the plant 
operation. The coefficient of performance (COP) of the chiller ranges from 0.37 to 
0.81and the efficiency of collectors varies from 0.352 to 0.492. It was found that, the 
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solar energy system support of the institute heating system for the duration from August 
2002 to November 2007 is 8,124 kWh and the specific collector area ratio is 4.23 
(m2/kW).  
 
Said et al. [105] developed three alternative designs for a continuous (24 hours) 
operating solar powered aqua ammonia absorption refrigeration technology. The designs 
includes thoroughly review of the operation of the conventional and solar-assisted 
absorption refrigeration systems. The objective of such review is to develop new alternate 
designs with detailed thermodynamic analysis of those new alternative designs in order to 
select the most suitable alternative design. The results of the analysis indicated that 
continuously operating solar powered aqua ammonia absorption system with refrigerant 
storage is the most suitable alternative design for a continuous supply of cooling effect. 
Al-Ugla et al. [106] developed three designs for a 24-hours operating solar powered 
LiBr-H2O absorption air-conditioning system technology. The results showed that the 
refrigerant storage is the best choice for continuous operating solar-powered LiBr- H2O 
absorption air-conditioning system. 
 
The hybrid storage design for solar absorption system has several benefits related 
to performance improvement, maintenance processes optimization and collector size 
reduction. El-Shaarawi et al. [107] developed a hybrid-storage design for solar aqua-
ammonia absorption refrigeration system. The system includes thermal collector, 
generator, condenser, evaporator, cold storage tank, absorber, weak solution tank, strong 
solution tank, refrigerant storage tank, refrigerant heat exchanger and solution heat 
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exchanger. El-Shaarawi et al. [108] analyzed the dual storage design for solar aqua-
ammonia absorption refrigeration. The storage system consists of one ammonia tank, an 
ice tank and two aqua-ammonia tanks. The results showed that the coefficient of 
performance is lower in summer than winter. However, the required solar collector field 
area is smaller in summer than in winter.   
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2.4 Experimental Works for Solar Absorption Air-conditioning 
 
Several experimental works have been conducted for solar absorption air-
conditioning systems. Sozen et al. [109] investigated experimentally an aqua–ammonia 
absorption heat pump system (AHP) prototype, in Ankara in Turkey, by means of solar 
energy. The system was designed to be coupled with a parabolic type collector to receive 
the required temperatures where the high temperature water needed for the generator was 
provided from the collector. The thermodynamic analysis indicated that both losses and 
irreversibility have an impact on absorption system performance. The analysis showed 
the components that need thermal improvement. The components of the evaporator and 
absorber of the system had a higher exergy loss than the other components. 
Pongtornkulpanich et al. [110] designed and installed a solar-driven 10-ton LiBr-H2O 
single-effect absorption cooling system at the School of Renewable Energy Technology 
(SERT). The system includes 72m2 evacuated tube solar collector supplied an annually 
average solar fraction of 81%, however, the remaining 19% of thermal energy required 
by the system was supplied by the LPG-fired backup heating unit. 
 
 Sumathy et al. [111] designed a 100 kW double stage solar powered LiBr-H2O 
absorption chiller in south China. The results of the experimental test showed that the 
system can be operated when the generator temperature varies from 60 °C to 75 °C. Syed 
et al. [112] reported experimental results for typical Spanish houses in Madrid during the 
summer period of 2003 derived through field testing of a part load solar energized 
cooling system. Solar hot water was delivered by 49.9 m2 flat-plate collectors to operate 
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35 kW (LiBr-H2O) absorption, single effect, chiller. The results indicated that measured 
daily average, period average and maximum instantaneous coefficient of performance 
(COP) were 0.42, 0.34 and 0.60 (at maximum capacity), respectively. The results clearly 
demonstrated that this system works best in hot and dry weather conditions as the large 
daily differences in relative humidity and dry bulb temperature prevail. To improve the 
system performance, it was recommended that thicker tank insulating material be used. 
The steel pipes can be replaced with UPVC in primary and tertiary circuits.  
 
Izquierdo et al. [113] conducted experimental research to determine the 
performance of a 4.5-kW air-cooled chiller, single effect LiBr-H2O absorption unit 
(Rotartica 045v). The experiments were run at the Eduardo Torroja Institute Heat Pump 
and Absorption Chiller Laboratory at La Poveda, Arganda del Rey, Madrid, in August 
2005 where the measurements were recorded over the period of 20 days. The hot water 
inlet temperature in the generator ranged throughout the day from 80 ºC to 107 ºC. The 
total energy supplied to the generator came to 1,085.5 kWh and the heat removed in the 
evaporator to 534.5 kWh. The average COP for the period as a whole was 0.49. When the 
electric power used by auxiliary equipment was factored into the equation, primary 
energy based COP came to 0.37.  
 
Agyenim et al. [114] presented a domestic-scale prototype experimental solar 
cooling system, 4.5 kW LiBr-H2O absorption chiller. The system consisted of a 12 m2 
vacuum tubular solar collector, a 6 kW fan coil and a 1000 Liter cold storage tank. The 
experimental results indicated that the average coefficient of performance (COP) of the 
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system was 0.58. The results confirmed the feasibility of the cold storage for cooling in 
domestic scale buildings with low chilled water temperatures as 7.4 ºC. Moreover, the 
experimental results indicated that solar powered, single-effect, absorption cooling 
systems were able of working in the driving temperature range of 65 ºC –100 ºC. Berlitz 
et al. [115] presented an experimental setup of high efficient absorption chiller which 
facilitates the supply of a constant load of coldness at constantly high COP in spite of 
periodically available driving heat. 
 
Hu et al. [116] conducted an experimental study for 40 W micro absorption heat 
pump. The absorption system was constructed of micro-condenser, micro-evaporator, and 
expansion channel. The experimental results showed that the coefficient of performance 
(COP) varying from 0.465 to 0.511 when the generator temperature operates at 100°C 
and the evaporator operates at a temperature varying from 11 °C to 19 °C. Bermejo et al. 
[117] developed a 174 kW gas/solar powered double effect LiBr-water absorption chiller 
in Spain using 352 m2 linear concentrating Fresnel collectors. Their experimentation 
results indicated the solar energy contributed 75% of the total heat input to the generator 
producing a COP of 1.1-1.25 when operated at the evaporator temperature of 8°C. 
 
Hidalgo et al. [118] conducted an experimental research on solar absorption 
cooling. The facility is based on an on-Campus field of 50 m2 flat plate solar collectors 
driving a single-effect commercial LiBr-H2O absorption machine through a hot-water 
storage tank. The results showed that absorption machine cooling power reaches 6–10 
kW, with a generator driving power input of 10–15 kW, achieving a mean cooling period 
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of 6.5 h of complete solar autonomy on a seasonal average day. Salgado et al. [119] 
demonstrated experimental results for two basic configurations of a thermal storage tank 
(Stratification and Well-mixed) in a solar cooling facility. The results show that for solar 
cooling applications, having a well-mixed temperature in the thermal storage tank 
produce more daily cooling energy than in a stratified one, although the solar field 
efficiency is lower. The effects on the facility produced by Well-mixed configuration are: 
efficiency reduction on the solar collector’s field, 0.27, higher daily COP’s, 0.33, and 
extended solar cooling time of about two hours. 
 
Rosiek and Garrido [120] presented the performance of solar-assisted air-
conditioning system with two chilled water storage tanks installed in the Solar Energy 
Research Center building. The system consists mainly of solar collectors’ array, a hot-
water driven absorption chiller, a cooling tower, two hot storage tanks, an auxiliary heater 
as well as two chilled storage tanks. The results demonstrate that 20% of the total energy 
consumption and about 30% of water consumption can be saved, which takes into 
account the chilled water tanks action. Moreover, it was demonstrated that the integration 
of chilled water storage tanks allows to reduce the sudden absorption chiller on/off 
cycles, thereby improving the efficiency of the solar-assisted system. Darkwa et al. [121] 
presented the experimental analysis of a LiBr-water absorption system operated by 
evacuated tubular and flat plate solar collectors. The system is coupled with four hot 
water storage tanks. The results of the experimental showed that the coefficient of 
performance (COP) of 0.69 can be reached when the heated water at 96.3°C is supplied 
by the solar collectors.  
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Marcos et al [122] discussed the experimental results of using a solar facility with 
a net collector area of 42 m2 to meet the heating and cooling needs of an 80-m2 laboratory 
energetically similar to the average Spanish home. They found that the absorption chiller 
would be payback in 34 years, if the electrical consumption is not taken into account. The 
experiments proved that approximately 10 m2 of solar panels are needed to produce 1 kW 
of cooling capacity with an air-cooled LiBr/water absorption chiller.  
 
The following conclusions can be made based on the literature review: 
 
• Both solar thermal air-conditioning system and solar photovoltaic-vapor 
compression air-conditioning system have better feasibility when the fuel price 
increases.  
 
• Thermal (absorption & adsorption) air-conditioning system is the most suitable 
option to be powered by solar energy compared to solar photovoltaic-vapor 
compression air-conditioning system. 
 
• Solar absorption system is more feasible than solar adsorption system based on 
techno-economical evaluation. 
 
• LiBr-water absorption system presents so far best proven absorbent-refrigerant 
working pair for air-conditioning application. 
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• The thermal storage has advantages over solar thermal air-conditioning systems in 
terms of system performance improvement and energy saving. 
 
• Several simulations and technical analysis researches have been conducted on 
absorption systems. 
 
• Several experimental researches have also been conducted on absorption systems. 
 
None of the researches in the preceding survey investigated the comparison of the 
three air-conditioning systems (conventional vapor compression, PV- vapor compression 
and solar absorption) for commercial buildings in Saudi Arabia. Moreover, none of the 
researches studied the solar-powered absorption LiBr-H2O system for a continuous 
supply (24-hours a day operation) of cooling effect. Hence, in the present research, 
several designs for a continuously (24 hours a day) operating solar-powered absorption 
LiBr-H2O air-conditioning technology are discussed in detail.  
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CHAPTER 3 
OBJECTIVES AND METHODOLOGY 
This chapter shows the objectives of the dissertation and the description of 
methodology to achieve the objectives.  
 
3.1     Objectives 
 
The overall objective of the present dissertation is to design solar air-conditioning 
system for buildings in Saudi Arabia. The specific objectives include: 
 
1. Techno-economic evaluation comparison of solar LiBr-water absorption air-
conditioning systems, solar photovoltaic vapor compression air-conditioning 
systems and conventional vapor compression air-conditioning systems. 
 
2. Design of a continuous operation (24-hour a day) solar LiBr-water absorption 
air-conditioning system. 
 
3. Design of hybrid storage for continuous operation (24-hour a day) solar LiBr-
water absorption air-conditioning system. 
 
	  
	  
51	  
	  
4. Thermodynamic analysis of the continuous operation (24-hour a day) system 
designed in 2. 
 
5. Thermodynamic analysis of the hybrid storage system designed in 3. 
 
6. Unsteady	   analysis of a hybrid storage (cold storage and refrigerant storage) 
system under the climatic conditions of Dhahran, Saudi Arabia.  
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3.2      Methodology  
 
To achieve the above listed objectives, the following methodology was adopted: 
 
• A comprehensive literature review of solar air-conditioning systems. This 
includes a thorough study of absorption systems and their utilization in air-
conditioning application.  
 
• Techno-economic investigation to evaluate the technical feasibility of several 
solar air-conditioning systems to be used in buildings in Saudi Arabia. The study 
focuses on photovoltaic vapor compression systems, solar absorption systems and 
conventional (vapor compression) systems. 
  
• Development of different designs for continuously operated (24-hour a day) 
totally solar powered absorption air-conditioning systems using lithium-bromide 
water as the working fluid. The designs include the arrangements required to 
facilitate the solar powered system.  
	  
• Development of hybrid storage designs for continuously totally solar powered 
absorption lithium-bromide water air-conditioning system. These designs allow 
uninterrupted operation and achieve maintenance process optimization. The 
designs include arrangements required to facilitate the solar powered system.  
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• Thermodynamic analysis of continuous operation designs using EES Software. 
Thermodynamic analysis for these designs will be performed to provide a 
conceptual formulation of each design. The thermodynamic analysis assists in 
defining the controlling parameters that affect the performance of each design and 
finally determine the efficiency of each design.  
	  
• Analysis of continuous operation designs based on system performance and 
storage tanks size using EES Software. The parametric thermodynamic analysis 
will enable the selection of the best suitable design. 
	  
• Thermodynamic analysis of hybrid storage designs using EES Software. 
Thermodynamic analysis for these designs will be conducted to provide a 
theoretical formulation of each design. The thermodynamic analysis supports in 
defining the controlling parameters that affect the performance of each design and 
finally determine the efficiency of each design. 
 
• Analysis of hybrid storage designs based on system performance and storage 
tanks size using EES Software. The parametric thermodynamic analysis will 
enable the selection of the best suitable design. 
	  
• Unsteady analysis of hybrid storage (cold storage and refrigerant storage) system 
under Dhahran ambient conditions using EES Software.  
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CHAPTER 4 
TECHNO-ECONOMIC ANALYSIS OF SOLAR-ASSISTED 
AIR-CONDITIONING SYSYTEMS FOR COMMERICAL 
BUILDINGS IN SAUDI ARABIA  
 
A techno-economic analysis of three air-conditioning systems (conventional 
vapor-compression, solar LiBr-H2O absorption and solar photovoltaic vapor-
compression) was carried out. It was assumed that each air-conditioning system can meet 
a constant cooling load of a typical large-size commercial building in Khobar City in 
Saudi Arabia. The analysis utilizes two economical methodologies: Payback Period 
(PBP) and Net Present Value (NPV). 
  
4.1 Cooling Load and Solar Radiation Energy Comparison   
 
This section shows the comparison of the cooling load and the solar radiation 
energy between Saudi Arabia and USA. Table 4-1 shows the comparison of the cooling 
load per area between one commercial building in Khobar, Saudi Arabia and office 
building in Los Angles, California, USA. The table indicates that the cooling load in 
Saudi Arabia is higher than in USA by approximately 22% due to the extreme high 
ambient conditions in Saudi Arabia. This increase justifies the significance to investigate 
and study new innovative cooling system in Saudi Arabia. 
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Table 4-1 Cooling Load Comparison  
   
Country Cooling Load (W/m2) 
Saudi Arabia  32 
USA [41] 25 
 
	   	  
On the other hand, the solar radiation between Saudi Arabia and USA was 
compared as shown in Table 4-2. Table 4-2 shows that Saudi Arabia has higher solar 
intensity than USA. This data should lead to an implantation strategy in Saudi Arabia for 
solar energy utilization in cooling applications compared to other countries.	  
 
Table 4-2 Solar Radiation Energy Comparison    
 
Country Solar Radiation (W/m2) 
Saudi Arabia  1048 
USA [41] 905 
 
 
       
4.2 Building Characteristics 
 
In order to provide a consistent baseline of comparison between the three air-
conditioning systems; Table 4-3 shows the building information for the selected 
commercial building. The building consists of hypermarket and residential apartments. 
Khobar city has the same weather and solar data of Dhahran city which is used in the 
analysis. 
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Table 4-3 Building Data [123] 
 
 
 
 
 
 
 
Characteristic Description 
Type  
Three floors (Two floors residential apartments: 12,200 m2,  
One floor Hypermarket: 16,616 m2) 
Plan Shape  Court Yard Shape: 1st & 2nd floors. Rectangular shape: Ground floor 
Total Height  14.7 m  
Gross Floor Area  41,016 m2 
Gross Wall Area  9937.2 m2  
Window Area  1350.03 m2 
Window to Wall Ratio 13.59%  
Lighting heat flux 
Equipment heat flux 
Thermal Transmittance  
(U-value) 
Glazing 
External Walls 
Residential area 12.91 W/m2 and Hyper Market area 36.59 W/m2 
Assumed 2.7 W/m2 
 
 
5.6 W/m² K 
5.1 W/m² K 
Internal Core Wall 1.930 W/m² K 
Roof 0.539 W/m² K 
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4.3 Systems Description  
 
This section describes the three air-conditioning systems and associated major 
components used in the techno-economic analysis. Figure 4-1 shows the three systems 
basic configuration and the descriptions are as follows: 
 
• Conventional vapor-compression system: uses conventional vapor-compression air-
cooled chiller. 
 
• Solar absorption system: uses flat plate collectors, hot water tank and single-effect 
lithium bromide/water absorption air-cooled chiller. The flat-plate collectors are 
cheaper and has simpler design compared to the evacuated-tube collectors. The 
single-effect system as it is cheaper than the double-effect and triple-effect systems.  
 
• Solar photovoltaic vapor-compression system: uses photovoltaic (PV) panels to 
generate electricity connected to a conventional vapor-compression air-cooled chiller. 
The photovoltaic system consists of modules, arrays, controller, inverter and battery. 
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Figure 4-1 Three Systems Basic Layout Configuration   
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4.4 Systems Design 
 
The three systems are designed to meet building constant hourly average cooling load 
(940 kWh) during daytime operation (10 hours operation: 7 AM to 5 PM) with the 
objective to cover peak solar energy for solar absorption and solar photovoltaic systems 
in order to mitigate electricity peak load during the summer time. Moreover, the three 
systems have the same nominal chiller capacity needed for building cooling load. All the 
cooling generated is used during the daytime operation and there is no thermal or 
electrical storage to be used for nighttime operation as the solar absorption and PV 
systems are solar-assisted systems for only daytime operation. 
 
The economical evaluation is conducted based on the sizing of the main components 
for the three systems (flat plate collectors, absorption chiller, hot water tank, vapor 
compression chiller and PV system). Flat plate collectors have a lower cost and simpler 
design compared to evacuated tube collectors. The collectors design is based on an 
assumed efficiency of 50 %, yearly average daily solar radiation in Dhahran of 5.84 
kWh/m2 and an assumed solar absorption chiller COP = 0.7 [112, 124, 125]. The actual 
COP will be discussed in the results and discussion chapter to obtain the actual PBP and 
NPV for solar absorption system. The hot water tank of the solar absorption system is 
used to store the excess hot water after meeting the cooling load during daytime 
operation. This excess heat is utilized when the solar insolation is insufficient to provide 
heat to the system during the daytime operation. This is also applicable for the electrical 
storage “Battery” of the PV system. The optimal designing size ratio of the tank volume 
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to the collector area is 0.04 m3/m2 [41]. It is note of worth that the recent change of the 
air-conditioning standards in Saudi Arabia can increase the lifespan of the AC machines 
used in the economic analysis. However, to be more on the conservative side, it was not 
considered in this analysis. 
The flat plate collectors’ area is calculated using the following equation: 
 
Ac = 
!"#$%&  !"#$%&#  !""#$%&  !"#$  .    !"#$%  !"#$%#&$'  !"#$  !"#  .    !"#$%&#  !"#$%  !"#$%  !"#$"%$&'  !"#$%&  .    !!         (4.1) 
The absorption chiller for the solar absorption system is designed to receive the 
greatest solar energy during noontime. It has been designed with a maximum power of 
1500 kW to meet the highest required cooling load. This maximum power would be 
obtained at the solar peak intensity in Dhahran which is 3.349 MJ/m2 [126]. The chiller 
size for conventional vapor-compression and photovoltaic vapor-compression systems is 
the same as for solar absorption system since the building-cooling load is constant for the 
three systems. Moreover, the size of the chiller should be the same in order to have 
accurate economical comparison between the two systems. The COPs values of both 
systems are different in order to have a better and near to practical values of the required 
heating energy for each system. The chiller power is sized based on the following 
formula: 
 
Chiller Power = COP(absorption) . Ac . ηc  . Maximum Solar Radiation Intensity    (4.2) 
The PV system, module efficiency of 15 % [127], is designed for 940 kWp based on 
COP of 2.5 for the vapor-compression chiller and conservative daily sun hours in 
Dhahran = 4 hr/day [127, 128]. The cooling demand during daytime outside the 
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conservative daily sun hours would be obtained from the electric battery storage system 
for daytime operation. Table 4-4 shows the three systems design parameters.  
 
Table 4-4 Systems design parameters 
 
Conventional VC PV-VC Solar Absorption 
Flat Plate Collectors (m2) - - 4,600 
PV System (kWp) - 940 - 
Hot Water Tank (m3) - - 184 
Chiller Cooling Power (kW) 1,500 - 1,500 
 
4.5 Economic Assessment  
 
There are many available methods to evaluate the economic performance, to 
analyze the economic consequences of particular design decisions and evaluate 
alternative approaches fairly. The economic analysis of the three systems will determine 
the feasibility and identify the economic advantages and disadvantages. Using the initial 
investment cost and the annual operating costs (maintenance and electricity costs), the 
payback period (PBP) and the net present value (NPV) are determined for each system. 
 
The payback period (PBP) is the simplest method of examining one or more 
investment projects. It measures the time required to recover investment costs, therefore, 
it can be determined by dividing the investment cost by the savings made per year as 
follows.  
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PBP = !"!"#                (4.3) 
 
IC is the investment cost (initial capital) and ACF is the annual cash flow (saving or 
revenue). The annual cash flow is the difference in amount of cash available at the 
beginning of a year (opening balance) and the amount at the end of that year (closing 
balance).  However, this method has some limitations: 
 
q Ignores the benefits that occur after the payback period, which are recommended 
for consideration as the solar air-conditioning system could still be working 
reliably for up to 25 years.  
 
q Ignores the changing value of money over time. The change of money value could 
be due to the inflation and/or the discounted cash flow. 
	  
	  	  
The Net Present Value (NPV) is a traditional analytical method used to describe time 
adjusted economic benefits or savings between competing alternatives. It is the difference 
between the sum of discounted cash flow which is expected from the investment, and the 
amount that is initially invested. In this study, the net present value methodology analysis 
is conducted using the economical concept of the solar engineering field [129] which is 
expressed as: 
 
NPV = !∗ !!! !!!!!! !           (4.4) 
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A is the investment cost,  𝑖 is the inflation rate, 𝑑 is the discount rate and N is the 
total number of periods. In financial concept, if there is a choice between two 
alternatives, the one yielding the higher NPV should be selected. If NPV > 0, the 
investment would add value and the project is feasible to be accepted. If NPV < 0, it 
means the investment is not feasible and the project should be rejected.  
 
The operating cost (electricity and maintenance) is one of the major elements in 
the economical analysis. In Saudi Arabia, the electricity rate is classified into three 
categories by Saudi Arabia Electricity & Cogeneration Regulatory Authority rate based 
on monthly consumption as shown in Table 4-5. The building under study consumes 
more than 8,000 kWh per month. Therefore, the electricity cost is $0.0693/kWh. 
 
 
Table 4-5 Saudi Electricity Rates for Commercial Sector [130] 
Monthly Consumption Range (kWh) Rate (SR/kWh) Rate ($/kWh) 
0- 4,000 0.12 0.0320 
4,001-8,000 0.20  0.0533 
More than 8,000 0.26 0.0693 
 
The electric consumption of the absorption chiller due to electrical pump 
consumption is assumed 10% of the vapor compression chiller consumption [31]. The 
actual consumption of the pump is calculated and discussed in the results and discussion 
chapter. For PV-vapor compression chiller, there is no electricity consumed from the grid 
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and there is no electrical operating cost subjected to this system. The annual maintenance 
cost for vapor compression system is assumed to be 4% of the investment cost [35]. For 
the solar absorption system, the annual maintenance cost is 0.1% of the investment cost 
[35]. The key parameters used for economical analysis are shown in Table 4-6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
	  
	  
65	  
	  
Table 4-6 Key parameters of economical analysis  
 
Unit Rate 
Collectors [125] $/m2 230 
Absorption Chiller, COP=0.7 [125] $/kW 516 
Hot Water Tank [41] $/m3 1000 
VC Chiller, COP=2.5 [125] $/kW 400 
PV System [131] $/kWp 1,776 
Electricity Rate [130] $/kWh $0.0693 
Discount Rate [132] - 3% 
Inflation [133] - 4% 
VC Chiller Life Cycle [18] Years 12 
Absorption Chiller Life Cycle [18] Years 20 
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4.6 Thermodynamic Analysis of Solar Absorption System 
 
The analysis in section 4.2 to 4.5 was carried out based on the assumption of COP 
and electric pump consumption. In order to evaluate the actual PBP and NPV based on 
actual COP and pump electric consumption, the thermodynamic analysis of the solar 
absorption system is performed to find the required inlet and outlet thermodynamic states 
of the refrigerant and refrigerant-absorption solution for each stage of the absorption 
cycle in steady-state operation. The thermodynamic analysis is based on the first law of 
thermodynamics and the appropriate property relations. 
  
The second law efficiency “exergy” is obtained by determining the maximum 
coefficient of performance as expressed by equations 4.5 and 4.6. 
The second law efficiency is given as: 
ɳII = COP/COPmax         (4.5) 
 
where the COPmax = (Tg – TE / Tg) * (Te/TE - Te)     (4.6) 
 
The performance of the system based on varying parameters of the design is analyzed 
using Engineering Equation Solver (EES). 
 
Since heat rejection to the environment is required in condenser and absorber, they 
need to operate at higher temperature than ambient temperature. The initial assumed 
temperature difference between the condenser/absorber and the ambient is 10 ºC. The 
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maximum summer hourly average ambient temperature in Dhahran (Khobar) is 41ºC [1] 
Table 4-7 shows the assumed design temperatures. 
 
Table 4-7 Design Temperature Variables 
Component Generator Condenser Evaporator Absorber 
Temperature (ºC) 105 51 7.5 51 
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CHAPTER 5 
DESIGNS FOR CONTINUOUS OPERATION (24-HOUR A 
DAY) SOLAR LIBR-WATER ABSORPTION AIR-
CONDITIONING SYSYEM 
 
This chapter presents the proposed alternative designs of a continuous operation 
(24-hour a day) solar-powered LiBr-water absorption air-conditioning system. Solar-
powered LiBr-H2O air-cooled absorption air-conditioning systems can achieve 
continuous operation (day and night) based on different types of thermal energy storage 
systems. The use of air-cooled absorption systems with no cooling tower saves water, 
reduces maintenance cost and space, which are major key considerations for the 
residential sector. The cooling tower needed for the water-cooled system increases the 
operation cost and the initial cost of the system. It might cause the growth of bacteria. 
The main disadvantage of water cooling system is the associated water consumption, 
ranging from 2 kg and 5 kg kWh-1 of cooling [134]. Those drawbacks make water-cooled 
systems have lower feasibility compared to the air-cooled systems for small scale cooling 
applications, especially in regions where water is scarce such as in Saudi Arabia. The 
continuous operation designs for 24-hour solar-powered LiBr-water absorption air-
conditioning systems are categorized based on the storage techniques in use, as heat 
storage, or cold storage or refrigerant storage. 
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In this chapter, chapter 7 and chapter 8, the following major definitions are used: 
 
Weak solution: low refrigerant (water) content, weak-in-refrigerant while the absorbent 
(LiBr) has high concentration. 
 
Strong solution: high refrigerant (water) content, strong-in-refrigerant while the 
absorbent (LiBr) has low concentration. 
   
 
5.1 Heat Storage System 
 
The stored hot thermal energy is supplied to the generator when the incident solar 
radiation is insufficient to produce the required generator temperatures. This is the most 
common storage method in solar cooling systems. The main advantage of the heat storage 
system is the employment of heat storage unit for continuous (day and night) cooling 
requirements using a LiBr-H2O vapor absorption air-conditioning system. 
 
The heat storage system stores heat during the day when the solar energy is 
sufficient and utilizes the stored heat during both nighttime (when solar energy is not 
available) and when solar insolation is  not sufficient to produce the required generator 
temperature for operating the system. Figure 5-1 shows a continuous operating solar-
powered LiBr-water vapor absorption air-conditioning system with heat storage. As 
shown in figure 5-1, this system requires two sets of solar collectors. The first set of 
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collectors, flat plate type, provides solar energy to the generator for daytime operation, 
and the second set of collectors, evacuated tube type, provides energy to the heat storage 
tank at a relatively much higher temperature for nighttime operation and when the solar 
insolation is insufficient. The second set of collectors operates at much higher 
temperature due to the heat storage temperature requirements which make the cost more 
expensive compared to the first set of collectors. The designs of two sets of collectors 
will results in cost saving as the first set that provides solar energy to the generator will 
be decrease the overall solar collecting cost.  
 
The refrigerant-absorbent solution is heated in the generator where refrigerant 
(water) is released from the absorbent (LiBr). The weak refrigerant-absorbent solution 
travels to the absorber while the refrigerant vapor travels to the condenser. The weak 
solution is throttled through the first expansion valve (EV1) in order to reduce the 
pressure of the solution. The refrigerant experiences a throttling process through the 
second expansion valve (EV2) to decrease the pressure of the refrigerant and then it 
passes to the evaporator and then to the absorber, where it is reabsorbed by the weak 
solution to create a strong refrigerant-absorbent solution. This solution is then pumped to 
the generator, thus completing the cycle. The heat exchanger between the generator and 
absorber is used to increase the performance of the system. 
 
During the night, both sets of collectors come to an end to operate and the heat 
storage tank is directly connected through valves to the generator to provide the required 
heat. The heat from the absorber and the condenser can be rejected to the environment by 
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natural convection or forced fan. The whole electrical energy requirement for the entire 
heat storage system is limited to that required by the solution pump. The valves: V1, V2, 
V5 and V6 are in open mode during daytime operation and closed in the nighttime 
operation. However,	  the valves V3 and V4 are in closed mode during daytime operation 
and opened in the nighttime operation and at the period of low solar insolation. 
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Figure 5-1 Continuous Operated Solar-powered LiBr-Water Absorption  
Air-conditioning System with (Heat Storage). 
(CD): Closed Daytime  
(OD): Open Daytime 
EV: Expansion Valve 
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5.2 Cold Storage System 
 
The cold storage tank is introduced after the evaporator, as shown in figure 5-2. 
Losses to the environment in this system can be expected to be lower than in hot thermal 
energy storage because of the lower temperature difference between working and 
ambient temperatures. Working with cold thermal energy storage, the cooling effect is 
produced during the day, and excess over the daytime load is stored for later use when 
the heat input is not sufficient to separate the refrigerant from the solution in the 
generator.  
 
Figure 5-2 shows a solar powered LiBr-water vapor absorption air-conditioning 
system with cold storage. During the day, solar energy gained by the solar collector 
provides heat to the refrigerant-absorbent solution in the generator and refrigerant (water) 
is released from the absorbent (LiBr) as a vapor. The refrigerant travels to the condenser, 
expansion valve, evaporator, and absorber, where it is reabsorbed by the weak solution to 
create a strong refrigerant solution. This solution is then pumped to the generator, and the 
heat exchanger between the generator and absorber is used to increase the performance of 
the system as a heat storage system. The required amount of cooling for nighttime 
requirements is stored in the cold storage tank. 
 
Similar to the heat storage system, the heat from the absorber and condenser can 
be rejected to the environment by natural convection or forced fan. The total electricity 
requirement for the whole cold storage system is limited to that needed by the solution 
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pump. The three-way valve is used to enhance the system performance by regulating the 
storage of the daytime load and nighttime load for later use when the heat input is not 
sufficient to separate the refrigerant from the solution in the generator.  
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Figure 5-2 Continuous Operated Solar-powered LiBr-Water Absorption  
Air-conditioning System with (Cold Storage). (EV: Expansion Valve). 
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5.3 Refrigerant Storage System 
 
The LiBr-water vapor absorption system with refrigerant storage is one of the 
primary designs under consideration. The storage for this system is associated with the 
condenser where the storage tank accumulates the refrigerant during the hours of high 
solar insolation. Then, this stored liquid refrigerant can be regulated at other times (e.g., 
nighttime) to meet the required cooling loads [135]. Figure 5-3 shows a continuous 
operated solar powered lithium bromide-water absorption air-conditioning system with 
refrigerant storage. 
 
In this system, the storage temperature occurs at or near room temperature. The 
valves: V1 and V3 are in open mode in day operation and closed for night operation 
while valve V2 is in close mode in the day operation and open for nighttime operation 
and low solar insolation. 
 
The advantages and disadvantages for each of these system designs are 
summarized in Table 5-1. 
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Figure 5-3 Continuous Operated Solar-powered LiBr-Water Absorption  
Air-conditioning System with (Refrigerant Storage). 
(OD): Open Daytime 
(CD): Closed Daytime 
EV: Expansion Valve 
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Table 5-1 Comparative Analysis of Continuous Operation Designs 
 
Design Advantages Disadvantages 
Heat 
Storage 
 
• COP of this system is 
relatively higher for nighttime 
operation. 
• Two sets of solar collectors are 
required. 
• Components of the absorption 
system operate at daytime and 
nighttime. 
• Storage tank requires thicker 
insulation. 
• Evaporator works continuously. 
Cold 
Storage 
• Components of the absorption 
system operate at daytime 
only. 
• Less complexity in the control 
requirements due to less 
number of closing and 
opening daytime valves. 
• Evaporator works during 
daytime only.  
 
 
• Larger evaporator size. 
• Larger generator size. 
Refrigerant 
Storage 
• Comparatively smaller solar 
collector size than heat and 
cold storages. 
• Storage pressure is low which 
makes the strength 
requirements of the storage 
tank not critical. 
• Storage tank has thinner 
insulation. 
 
• Evaporator operates at daytime 
and nighttime as the heat storage 
design. 
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CHAPTER 6 
HYBRID STORAGE SOLAR LIBR-WATER 
ABSORPTION AIR-CONDITIONING SYSYEM 
 
 
This chapter presents the proposed alternative designs of the hybrid storage solar-
powered LiBr-water absorption air-conditioning system. The 24-hour storage design is an 
important parameter that determines the performance of the system and optimizes its 
components. Introducing hybrid storage designs can improve system performance, reduce 
collector size, lower storage tank capacity, and hence makes the system more feasible. 
Moreover, hybrid storage designs will ensure 24-hour a day operation through 
uninterrupted operation in case of maintenance for one of the storage tank. Four hybrid 
storage designs (heat and refrigerant storage, cold and refrigerant storage, heat and cold 
storage, and heat, cold and refrigerant storage) are investigated.  
 
The main features of hybrid storage systems instead of one storage tank are:  
• Continuous uninterrupted operation even if one of the storage tanks is in 
maintenance.   
• Storage tank size optimization which will reduce the overall cost of the system.   
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Solar-powered LiBr-H2O absorption air-conditioning systems can meet 
continuous operation (daytime and nighttime) based on different types of thermal energy 
hybrid storage systems. The four alternative designs for 24-hour a day solar-powered 
LiBr-Water absorption air-conditioning systems are categorized based on the hybrid 
storage techniques used, as follows: 
1) Heat and Refrigerant Storage 
2) Cold and Refrigerant Storage 
3) Heat and Cold Storage 
4) Heat, Cold and Refrigerant Storage 
 
6.1 Heat and Refrigerant Storage System 
The stored hot thermal energy is supplied to the generator when the incident solar 
radiation is insufficient to produce the required generator temperatures. The heat storage 
tank will store heat during the daytime when the solar energy is sufficient and utilize the 
stored heat at both the nighttime when the solar energy is not available and when the 
solar insolation is not sufficient to produce the required generator temperature for the 
operation of the system.  
 
The refrigerant storage is in association with the condenser where the storage tank 
accumulates the refrigerant during the hours of high solar insolation. Then, this stored 
liquid refrigerant can be throttled at other times (e.g. nighttime) when heat storage in not 
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sufficient to meet the required cooling loads. The storage temperature occurs at or near 
room temperature. 
 
Figure 6-1 shows a continuous operated solar powered lithium bromide-water 
vapor absorption air-conditioning system with hybrid heat and refrigerant storage. The 
system requires two solar collectors’ sets. The first set of solar collector supplies solar 
energy to the generator during the period of the daytime operation. However, the other set 
of solar collector provides energy to the heat storage unit. The refrigerant-absorbent 
solution is heated in the generator where refrigerant (water) is released from the 
absorbent (LiBr). The weak absorbent-refrigerant solution flows to the absorber while the 
refrigerant vapor flows to the condenser. The refrigerant goes through a throttling 
process, the evaporator and then to the absorber where it is reabsorbed by the weak 
solution to create a strong refrigerant solution. The solution is then pumped to the 
generator thus completing the cycle and the heat exchanger between the generator and 
absorber is used to increase the performance of the system. 
 
For the nighttime, both set of collectors come to an end to operate and the heat 
storage tank is then connected directly to the generator to provide the required heat at the 
period of nighttime in order to meet portion of the required cooling load. The refrigerant 
storage tank is connected to evaporator to provide the rest of required cooling load during 
nighttime operation. The heat rejection to the ambient can be by natural convection or 
forced convection using a fan. The whole electricity needed for the whole system is 
limited to that needed to drive the solution pump. Valves: V1, V2, V5, V6 and V7 are in 
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open mode during day operation and closed during night operation. Valves: V3, V4 and 
V8 are in close mode in during operation and open during night operation. 
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Figure 6-1 Continuous Operated Solar powered LiBr-Water Absorption  
Air-conditioning System with Hybrid Storage Heat and Refrigerant 
Storage. 
(CD): Closed Daytime 
(OD): Open Daytime 
EV: Expansion Valve 
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6.2 Cold and Refrigerant Storage System 
 
The cold storage tank is introduced after the evaporator as shown in figure 6-2. 
Losses to the environment in the cold storage can be expected to be lower than in hot 
thermal energy storage because of lower temperature difference between working 
temperatures and ambient. Working with cold thermal energy storage, cooling effect is 
produced during the day which exceeds the daytime load needs and hence the additional 
cooling effect is stored and used later when the heat input is not sufficient to separate 
refrigerant from the solution in the generator.  
 
The refrigerant storage is in association with the condenser where the storage tank 
accumulates the refrigerant during daytime. Then, this stored liquid refrigerant can be 
throttled at nighttime to meet the required cooling loads in parallel with cold storage 
supply. The required amount of cooling effect for nighttime requirement is stored in the 
cold storage tank. 
 
The heat rejection to the ambient and total electricity needed is similar to the 
hybrid heat and refrigerant storage system. Valves: V1, V3, V4 and V5 are in open mode 
during day operation and closed during night operation while valve V2, V6 and V7 is in 
close mode during day operation and open during night operation. 
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Figure 6-2 Continuous Operated Solar powered LiBr-Water Absorption  
Air-conditioning System with Hybrid Cold and Refrigerant Storage. 
(CD): Closed Daytime 
(OD): Open Daytime 
EV: Expansion Valve 
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6.3 Heat and Cold Storage System	  
	  
In this system, the heat storage is combined with cold storage as shown in figure 6-3. 
Solar energy obtained by the solar collector, during the period of daytime operation, 
provides heat to the refrigerant-absorbent solution in the generator and refrigerant (water) 
is released from the absorbent (LiBr) as a vapor. The required amount of cooling effect 
for nighttime requirement is stored in the heat and cold storage tanks. 
 
The heat rejection to the ambient and total electricity needed is similar to the 
hybrid heat and refrigerant storage and cold and refrigerant storage systems. Valves: V1, 
V2, V5, V6, V7 and V8 are in open mode during day operation and closed during night 
operation. Valves: V3, V4, V9 and V10 are in close mode during day operation and open 
during night operation. 
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Figure 6-3 Continuous Operated Solar powered LiBr-Water Absorption  
Air-conditioning System with Hybrid Heat and Cold Storage. 
(CD): Closed Daytime 
(OD): Open Daytime 
EV: Expansion Valve 
	  
	  
	  
	  
	  
	  
	  
	  
88	  
	  
6.4 Heat, Cold and Refrigerant Storage System	  
 
In this system, the heat storage is combined with cold and refrigerant storage as 
shown in figure 6-4. For the period of the daytime operation, solar energy obtained by the 
solar collector provides heat to the refrigerant-absorbent solution in the generator and 
refrigerant (water) is released from the absorbent (LiBr) as a vapor. The refrigerant flows 
to the condenser, the expansion valve, the evaporator and the absorber where it is 
reabsorbed by the weak solution to create a strong refrigerant solution. This solution is 
then pumped to the generator and the heat exchanger between the generator and absorber 
is used to increase the efficiency of the system as the heat storage system. The required 
amount of cooling effect for nighttime requirement is stored in the three storage tanks. 
 
The heat rejection to the ambient and total electricity needed is similar to the other 
hybrid storage systems. Valves: V1, V2, V5, V6, V7, V9 and V10 are in open mode in 
during day operation and closed during night operation. The valves: V3, V4, V8, V11 and 
V12 are in close mode during day operation and open during night operation. 
 
A comparative analysis based on the advantage and disadvantages for each of the 
four system designs is summarized in Table 6-1.  
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Figure 6-4 Continuous Operated Solar powered LiBr-Water Absorption  
Air-conditioning System with Hybrid Heat, Cold and Refrigerant Storage. 
(OD): Open Daytime 
(CD): Closed Daytime 
EV: Expansion Valve 
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Table 6-1 Comparative Analysis of Hybrid Storage System Designs 
Design Advantages Disadvantages 
Heat and 
Refrigerant 
Storage 
• COP of the system is comparatively 
higher than cold & refrigerant 
system for nighttime operation. 
• Refrigerant storage tank has thinner 
insulation. 
• Two sets of solar collectors are 
required. 
• Components operate at daytime 
and nighttime. 
• Heat storage tank requires 
thicker insulation. 
Cold and 
Refrigerant 
Storage 
• Components, generator, condenser 
and absorber operate at daytime 
only. 
• Less complexity in the control 
requirements due to less number of 
closing and opening daytime 
valves. 
• Refrigerant storage tank has thinner 
insulation. 
 
• Larger evaporator size. 
• Larger generator size. 
• Evaporator works continuously. 
Heat and 
Cold 
Storage 
 
 
• COP of the system is comparatively 
higher than cold & refrigerant 
system for nighttime operation. 
 
• Two sets of solar collectors are 
required. 
• Components operate at daytime 
and nighttime. 
• Larger evaporator size. 
• Larger generator size. 
 
Heat, Cold 
and 
Refrigerant 
Storage 
 
 
• COP of the system is comparatively 
higher than cold & refrigerant 
system for nighttime operation. 
• Refrigerant storage tank has thinner 
insulation. 
• Two sets of solar collectors are 
required. 
• Components operate at daytime 
and nighttime. 
• Larger evaporator size. 
• Larger generator size. 
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CHAPTER 7 
THERMODYNAMIC ANALYSIS FOR 
CONTINUOUS OPERATION AND HYBIRD 
STORAGE DESIGNS 
This chapter presents a detailed thermodynamic analysis based on mass and 
energy balance for each component for the developed designs for the continuous 
operation systems and the hybrid storage systems. The thermodynamic analysis has been 
used for solar absorption (LiBr-water) air-conditioning system for residential building 
application in order to have wider coverage of study for potential implementation as the 
commercial sector was studied in chapter 4.  
  
7.1 Thermodynamic Analysis for Continuous Operation Designs  
 
The thermodynamic analysis of the three designs is carried out to analyze the 
performance and capacity based on varying the design parameters. The cooling loads are 
estimated to fulfill the cooling requirements of a typical family living house in Dhahran 
to meet summer peak cooling load. A constant hourly average cooling of 5 kWh (QE = 5 
kWh) is considered for the 24 hours of the day (day and night). This is equivalent to a 
total daily cooling load of 120 kWh. The systems are designed to meet a constant cooling 
load over the 24 hours. It is assumed that 10 hours of solar energy available for Dhahran, 
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Saudi Arabia, at a constant yearly average daily solar radiation of 5.84 kWh m-2 [124].  In 
this chapter, a steady-state model is used. The three systems have been designed to meet 
maximum summer temperature in Dhahran. The assumption of a constant cooling load 
for day and night can be acceptable in Dhahran (near Gulf) area since there is no great 
temperature difference between day and night ambient temperatures. Such assumption 
might not be acceptable for Riyadh city where there is large variation between day and 
night ambient temperatures. Accordingly, variation of solar radiation with time has not 
been taken into consideration and a daily average (constant) solar radiation was 
considered instead. The constant cooling load is assumed mainly to accommodate 
summer peak load.  
  
The analysis is performed under ambient conditions in Dhahran. Based on 
Dhahran ambient temperatures, the daytime ambient temperature is assumed to be 41 ºC, 
the maximum summer yearly average temperature in Dhahran. The hourly average 
weather data used of 2012 to study the climate weather data for Dhahran, Saudi Arabia 
(latitude = 26.16) as presented in [1, 136]. The annual average ambient maximum 
temperature is presented in Table 7-1. From Table 7-1, it can be seen that the maximum 
summer annual average temperature in Dhahran is approximately 41 ºC. Thus, the three 
systems have been designed to meet such a maximum average summer temperature in 
Dhahran.  
 
	  
	  
93	  
	  
Table 7-1 Annual Average Temperature Data for Dhahran 
Summer 
Temperature 
Winter 
Temperature 
Summer Temperature 
Range  
Winter Temperature 
Range 
41 ℃ 10 ℃ 10-12 ℃ 7-8 ℃ 
 
 
The systems are designed to reject heat to the ambient, therefore, the absorber and 
condenser temperature are designed to operate 5 ℃ above the ambient temperature which 
is 41 ºC daytime and 33 º C nighttime. Thus, the daytime operating temperature of the 
condenser and absorber is maintained at 46 ºC, whereas their nighttime operating 
temperature is 38 ºC. The generator operating temperature is selected to be 100 ºC and 90 
ºC for day and night operation, respectively. Selective-coated flat plate solar collectors 
are used in the cold storage system, the refrigerant storage system and for the first set of 
collectors in the heat storage system required for daytime operation. For the second set of 
collectors in the heat storage system, evacuated tube solar collectors are used to meet the 
high temperature requirements for the heat storage tank.	   The evaporator operating 
temperature is selected as 7.5 ºC (constant), which can be a suitable temperature for air-
conditioning. The points of thermodynamic state (1-8) used in the analysis are shown in 
figure 7-1.  
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The formulation and consequent implementation under the following assumptions 
are made: 
1. Steady-state operation 
2. Only pure refrigerant flows through the condenser and evaporator 
3. Refrigerant exiting the condenser is saturated liquid 
4. Refrigerant exiting the evaporator is saturated vapor 
5. Pump efficiency is 75% 
6. Heat exchanger effectiveness is 70% 
7. The efficiency for both selective flat plate collector and evacuated tube collector is 
42% based on collector efficiencies curves developed by [136].  
 
Figure 7-2 shows the enthalpy-concentration diagram for the steady-state LiBr-
H2O absorption cycle. State 3 has the lowest (evaporator) pressure value (Plow), which is 
constant and state 2 has the highest (condenser) pressure value. State 6 (after the pump) 
has the high solution pressure value and hence it is shown in the diagram above state 5. 
Since the throttling process is a constant enthalpy process, state 9 lie in the enthalpy-
concentration diagram on top of state 10. However, state 9 is at the higher solution 
pressure (Phigh) while state 10 is at the lower solution pressure (Plow).  
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Figure 7-1 LiBr-H2O Absorption Cycle 
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Mass and energy balances are performed for the three systems: 
 
Mass Balance 
 
Figure 7-1 indicates that the mass flow rate of the weak solution is equal to the mass flow 
rate of thermodynamics states 8, 9 and 10. Hence; 
 
ṁws=  ṁ8 =  ṁ9 =  ṁ10         (7.1)  
 
Also, figure 7-1 indicates that the mass flow rate of the strong solution is equal to the 
mass flow rate of thermodynamics states 5, 6 and 7 and written as: 
 
ṁss=  ṁ5=  ṁ6 =  ṁ7         (7.2) 
Hence, the refrigerant (water) mass flow rate is written as: 
ṁr =   ṁ1=  ṁ2=   ṁ3 = ṁ4        (7.3) 
As the refrigerant is reabsorbed by the weak solution at the absorber, the mass flow rate 
of the strong solution is given as:  
ṁss=  ṁr +  ṁws         (7.4) 
 
Lithium Bromide-Water 
 
The weak-in-water and strong-in-water refrigerant-absorbent solutions for lithium 
bromide-water are based on the mass fractions (concentrations) for weak-in-refrigerant 
and strong in-refrigerant solutions which are 65% and 60%, respectively [137]. The mass 
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flow rate of these solutions are written as:       
    
ṁss= 
!"#!"#!!""ṁr         (7.5) 
 
ṁws= 
!""!"#!!""ṁr         (7.6) 
 
 
Where Xws is the concentration of the solution weak-in-water and Xss is the strong-in-
water solution in kg water/kg solution.  
 
Energy Balance 
 
Performing energy balance for the solution in the generator and the refrigerant in the 
evaporator; the heat transfer by the generator and the evaporator is expressed as: 
 𝑄G=  (ṁr h1+  ṁws h8 -  ṁss h7)        (7.7) 
 𝑄E =  (ṁr (h4- h3))         (7.8)   
While the work needed to drive the pump is given as: 
 𝑤p =𝑣 (P6 - P5) = (h6 – h5)        (7.9) 
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𝑊p= (ṁ!!  (!!  –  !!))ηp          (7.10) 
Since the system operates in steady-state mode, 𝑄G =  𝑄G, 𝑄E =  𝑄E and 𝑊p = Wp 
  
Where the enthalpy h (1-10) is based on the thermodynamics states shown on figure 7-1.  
 
For the cold storage system, the evaporator is working 24 hours per day and hence the 
evaporator heat transfer is given by: 
QED =
!!  .    !"    !"#$%  !"#$%#&$'  !"#$                         (7.11) 
Where QED is the heat added to refrigerant in evaporator at daytime for cold storage 
system. 
 
The enthalpies at the inlet and the exit of the expansion valve are equal:  
h3= h2           (7.12) 
 
h10= h9          (7.13) 
 
Heat exchanger effectiveness 
The absorption system uses a heat exchanger between the generator and absorber to 
increase the performance and the effectiveness of the heat exchanger. The effectiveness 
of the heat exchanger is defined as the ratio of the actual heat transfer to the maximum 
possible heat transfer. The maximum heat transfer is the product of the solution minimum 
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mass flow rate and the enthalpy difference between the two heat exchanger inlet streams. 
Hence, the heat exchanger effectiveness is given as:   
 
εHE = ṁ!!(!"–  !")ṁ!"(!"–  !")         (7.14) 
 
Coefficient of performance (COP) 
 
The COP of an absorption system and the collector area can be expressed as follows: 
COP = !!!!!!"         (7.15) 
 
Ac=
!"!    .    !!                     (7.16) 
 
The overall solar coefficient of performance that considers solar energy as the input 
source can be obtained as follows: 
COPs=
!!!"  .    !           (7.17) 
 
For heat storage system, the generator, condenser, evaporator and absorber operate 24–
hours in order to meet continuous day and night operation. The evaporator heat energy is 
constant at day and night times. The temperature values are designed according to the 
ambient conditions for day and night operations. The heat storage is obtained as: 
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𝑄hs=  𝑄Gn . [!"!!"#$%  !"#$%#&$'  !"#$  !"#$%  !"#$%#&$'  !"#$ ]      (7.18) 
 
The mass storage for heat system is expressed as follows 
 𝑚hs= !!!  .    !"##  .    !"#$%  !"#$%#&$'  !"#$  !  !"!  !  !"       (7.19) 
 
Where hin is the enthalpy at the inlet of the heat storage tank and hex is the enthalpy at the 
exit of the heat storage tank. 
 
 For the heat storage system, the generator, condenser, evaporator and absorber operate 
24 hours in order to meet continuous daytime and nighttime operation where the 
temperature values are designed according to the ambient conditions at day and night. 
The evaporator heat is constant at day and nighttime. Equations 7.1 to 7.15 are used for 
the analysis of heat storage system during the daytime operation and below equations 
used for the analysis during nighttime operation. 
 
Mass Balance 
 
Performing mass balance on the heat storage system during night operation, we get:  
 ṁwsn=ṁ8n=ṁ9n=ṁ10n        (7.20)  
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The mass flow rate of the strong solution is equal to the mass flow rate of the 
thermodynamics states 5n, 6n and 7n as expressed below: ṁssn=ṁ5n=ṁ6n=ṁ7n        (7.21) 
Hence, the refrigerant mass flow rate is written as:  ṁrn = ṁ1n= ṁ2n= ṁ3n= ṁ4n        (7.22) 
The mass flow rate of the strong solution is given as: ṁssn= ṁrn+ṁwsn         (7.23) 
 
Lithium Bromide-Water 
 
The strong and weak refrigerant-absorbent solutions are written as:    ṁssn= !"#!""!!"#ṁrn         (7.24) 
 ṁwsn= !""!""!!"#ṁrn         (7.25) 
 
 
Performing energy balance on the heat storage system during night operation; we get 
 𝑄Gn=  (ṁrn h1n+  ṁwsn h8n-  ṁssn h7n)      (7.26) 
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𝑄En=  (ṁrn (h4n- h3n))        (7.27) 
 
The heat transfer by the evaporator during night operation is equal to the heat transfer by 
the evaporator during the day operation.  𝑄En =    𝑄E	   	   	   	   	   	   	   	   	   	   (7.28) 
The work needed to drive the pump is given as:  𝑤pn=𝑣 (P6n- P5n) = 𝑣 (P2n– P4n) = (h6n– h5n)     (7.29) 
 
𝑊pn= (ṁ!!"  (!!"  –  !!"))ηp          (7.30) 
 
Since the system operates in steady-state mode, 𝑄Gn =  𝑄Gn, 𝑄En =  𝑄En and 𝑊pn = Wpn 
 
The enthalpies at the inlet and the exit of the expansion valve are the same:  
 
h10n= h9n          (7.31) 
 
The heat exchanger effectiveness is given as : 
εHEn = ṁ!!"(!"#–  !"#)ṁ!"#(!"#–  !"#)        (7.32) 
 
The COP of an absorption system and the collector area can be expressed as follows: 
COPn = 
!!"!!"!!"#         (7.33) 
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For cold storage system, the mass storage is given by: 𝑚cs= (!"!!"#$%  !"#)    .    !"##  .    !!    !!!  !"!        (7.34) 
 
Where h4 is the enthalpy of the vapor refrigerant (water) at the exit from the evaporator, 
h4f is the enthalpy of the cold stored liquid refrigerant (water) in the cold storage tank. 
 
The mass refrigerant storage can be obtained as follows:  
 𝑚rs=  ṁr . 3600. (24-Hours Day)       (7.35) 
 
where; 
 ṁr= !!    (!"!  !")              (7.36) 
 
For the three systems, engineering codes, Engineering Equation Solver (EES), 
have been simulated using the equations of the energy and mass balance. The software, 
Engineering Equation Solver (EES), is used to study the three systems performance based 
on variable design data for steady-state operation and to conduct the analysis of 
absorption cycles and produce all of the presented results. The EES has thermodynamic 
properties of LiBr-H2O solutions that is a built-in procedure. Therefore, multiple 
iterations of the procedure are performed effectively to obtain the right solutions for the 
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problem under analysis. The iterative loop is carried out by EES using the mass and 
energy balance equations to determine the enthalpy (h) and mass flow rate (𝑚) values for 
each of the thermodynamics state to analyze the performance and storage capacity of the 
three systems based on the given design data related to the components temperature, heat 
exchanger effectiveness and pump efficiency. 
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7.2 Thermodynamics Analysis for Hybrid Storage Designs  
 
The simulation of the four hybrid storage designs has been developed to analyze the 
performance and capacity based on varying the design parameters. The simulation is 
performed under ambient conditions in Dhahran and steady-state operation mode similar 
to the continuous operation designs. The daytime ambient temperature is assumed to be 
41°C. Moreover, the cooling loads have been estimated to fulfill the cooling requirements 
of a typical family living house in Dhahran with constant cooling hourly average power 
of 5 kW (QE= 5 kWh) for a period of 24 hours (day and night) to meet a total daily 
cooling load of 120 kWh to cover mainly summer peak load.  
 
It is assumed that 10 hours of solar energy available for Dhahran, Saudi Arabia, at 
constant yearly average daily solar radiation (IH = 5.84 kWh/m2 [124]). Based on the 
steady-state operation and the coincidence of the maximum cooling load with the period 
of maximum solar radiation input in Saudi Arabia, the average yearly average daily solar 
radiation is used. Accordingly, variation of solar radiation with time has not been taken 
into consideration and the average (constant) solar radiation was considered instead. 
 
Based on Dhahran ambient temperatures, the daytime average ambient temperature 
is taken as 41 °C and the nightime average temperature is taken as 33 °C. Thus, the 
condenser and absorber daytime operating temperatures are kept as 46 °C to enable the 
system to reject heat to the ambient whereas their nighttime operating temperatures are 
kept as 38 °C. The generator operating temperature is selected as 100 °C at daytime 
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operation and 90 °C at nighttime operation. The evaporator operating temperature is 
selected as 7.5 °C, which can be a suitable temperature for air-conditioning or some 
vegitables and fruits cooling applications. 
 
Selective-coated flat plate solar collectors are used in the four hybrid storage 
systems. For the second set of collectors in the three hybrid storage system (heat and 
refrigerant, heat and cold, heat-cold and refrigerant), evacuated tube solar collectors are 
used to meet the highly temperature requirements for the heat storage tank.	  The points of 
thermodynamic state (1-8) used in the analysis are shown in figure 7-1.  
 
 In order to simplify the formulation and the consequent implemetation, some 
assumptions are made:  
1. Steady-state operation 
2. Only pure refrigerant flows through the condenser and evaporator 
3. Refrigerant exiting the condenser is saturated liquid 
4. Refrigerant exiting the evaporator is saturated vapor 
5. Pump efficiency is 75% 
6. Heat exchanger effectiveness is 70% 
7. The efficiency for the selective flat plate collector is 42% based on collector 
efficiencies curves developed by [136].  
8. The efficiency for the evacuated tube collector is 42% based on collector 
efficiencies curves developed by [136].  
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In order to avoid crystallization, the weak and strong refrigerant-absorbent solutions 
for lithium bromide-water based on the mass fractions for weak and strong solutions 
assumed as 65% and 60%, respectively [137]. The mass flow rate of the strange and 
weak solutions can be found using equations (7.5 and 7.6). 	   	  
 
Performing the energy balance for the solution in the generator and the evaporator; 
the heat transfer by the generator and the evaporator are given by equations (7.7, 7.8 and 
7.10). The enthalpy h (1-10) is based on the thermodynamics state shown on figure 7-1.  
 
The absorption system uses a heat exchanger between the generator and absorber to 
increase the effectiveness of the heat exchanger which is determined by equation (7.14). 
The collector area can be expressed using equation (7.16). The coefficient of performance 
(COP) and the overall solar coefficient of performance (COPs) that considers solar 
energy as the input source can be obtained from equations (7.15 and 7.17). 
 
For the hybrid heat and refrigerant storage system, the generator, condenser, 
evaporator and absorber operate 24–hour in order to meet continuous day and night 
operation. As initial input for this system, both tanks store same amount of the cooling 
effect for nighttime operation. Thus, 50% of the required amount of cooling effect for 
nighttime operation is obtained by the stored thermal energy in the heat storage tank 
(RCEHS= 0.5, which is the ratio of cooling effect for nighttime by heat storage). The 
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optimum ratio of cooling effect for nighttime by heat storage for this system is discussed 
in details in the results and discussion chapter. 
 
 The evaporator cooling effect is constant during day and night. The temperature 
values are designed according to the ambient conditions for day and night operations. The 
heat and mass storage for the heat storage tank are obtained by using the following 
equations: 
 
𝑄hs=  𝑄Gn . [!"!!"#$%  !"#$%#&$'  !"#$  !"#$%  !"#$%#&$'  !"#$ ]      (7.37) 
	  
𝑚hs=	  !!!  .    !"##  .    !"#$%  !"#$%#&$'  !"#$  !!"  !  !!" 	   	   	   	   	   	   (7.38)	  
	  
where 𝑄Gn can be obtained from equation (7.26) and hin is the enthalpy at the inlet of the 
heat storage tank and hex is the enthalpy at the exit of the heat storage tank. The 
refrigerant, strong solution and weak solution mass flow rate equations for the nighttime 
operation are expressed using equations (7.20, 7.21, 7.22, 7.23, 7.24 and 7.25)   
	  
The evaporator energy during the nighttime operation for the heat and refrigerant hybrid 
storage system can be found using the following equation. 
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𝑄En	  =  𝑄E	  	  .	  RCEHS	   	   	   	   	   	   	   	   	   (7.39)	  
	  
The refrigerant storage mass for the heat and refrigerant hybrid storage system can be 
obtained by equations (7.40 and 7.41): 
 
𝑚rsh	  =  ṁrhh.	  3600	  .	  (24-­‐Hours	  Day)	   	   	   	   	   	   (7.40)	  
	  
ṁrhh=!!!!!"(!"!  !")	   	   	   	   	   	   	   	   	   (7.41)	  
	  
For the hybrid cold and refrigerant storage system, as initial input, both storage 
tanks provide the cooling effect for nighttime operation equally, which means that 50% 
of the required amount of cooling effect for nighttime operation is stored in the cold 
storage tank (RCECS= 0.5, which is the ratio of cooling effect for nighttime by cold 
storage). The most favorable ratio of cooling effect for nighttime by cold storage for 
this system is discussed in details in the results and discussion chapter. The cold storage 
mass is obtained from equation (7.42): 
	  𝑚cs= (!"!!"#$%  !"#)    .    !"##  .    !!"      !!!  !"!        (7.42)	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where;  
	  
QCS	  =QE	  .RCECS	   	   	   	   	   	   	   	   	   (7.43)	  
	  
The refrigerant storage mass for the cold and refrigerant hybrid storage system is 
obtained using equations (7.44 and 7.45): 
 
𝑚rsc=  ṁrch.	  3600.	  (24-­‐Hours	  Day)	   	   	   	   	   	   (7.44)	  
	  
ṁrch	  =  !!!!!"(!"!  !")	   	   	   	   	   	   	   	   	   (7.45)	  
	  
For the initial input for the hybrid heat and cold storage system, the required 
amount of cooling effect for nighttime operation is stored equally in the heat and cold 
storage tanks (RCEHS = 0.5 and RCECS = 0.5). The ratio for both tanks is discussed in 
chapter 9. The heat and cold mass storages can be found for this system using equations 
(7.37, 7.39, 7.42 and 7.43).  
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For the hybrid heat, cold and refrigerant storages system, as initial input, 50% of the 
required amount of cooling effect for nighttime operation is stored in the heat and cold 
storage tanks (RCEHS = 0.25 and RCECS = 0.25). The ratio for the three storage tanks is 
investigated in the results and discussion chapter. The mass storages for this system are 
obtained from equation (7.37, 7.39, 7.42, 7.43, 7.46 and 7.47): 
 𝑚rshc=  ṁrhch.	  3600.	  Hours	  Day	   	   	   	   	   	   	   (7.46) 
	  
ṁrhch	  =	  !!!!!"!!!"  (!"!  !") 	   	   	   	   	   	   	   	   (7.47)	  
 
 
The solar available time and components temperatures are given as initial design 
input for the simulation. The ratio of cooling effect for nighttime operation by heat 
storage tank, cold storage tank and refrigerant storage tank has been analyzed using EES. 
The engineering codes for these four hybrid storage systems have been developed by 
using Engineering Equation Solver (EES). These engineering codes use the mass and 
energy balance equations to analyze the performance of the four systems based on 
variable design data for steady-state operation.   EES is used to conduct the analysis of 
absorption cycles and produce all of the presented results.  
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The EES has a built in procedure for thermodynamic properties of LiBr-H2O 
solutions. Therefore, multiple iterations of the procedure are performed effectively to 
obtain the right solutions for the problem under analysis. The iterative loop is carried out 
by EES using the mass and energy balance equations to determine the enthalpy (h) and 
mass flow rate (ṁ) values for each of the thermodynamics states to analyze the 
performance and storage capacity of the four systems based on variable design data 
related to the components temperature, heat exchanger effectiveness and pump 
efficiency. 
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CHAPTER 8 
UNSTEADY ANALYSIS FOR HYBIRD STORAGE 
DESIGNS 
 
This chapter discusses the unsteady analysis for the hybrid storage design (cold 
plus refrigerant) for a continuous (24-hour a day) solar-powered LiBr-Water absorption 
air-conditioning systems. This chapter analyzes the impact of unsteady solar conditions 
on the operation parameters and the system performance of a hybrid storage LiBr-Water 
absorption air-conditioning chiller of 5 kW cooling power during a few representative 
days in summer and winter in Dhahran City, Saudi, Arabia. The system is designed to 
mainly cover summer peak load. The system consists of flat-plate collector and 
absorption chiller with hybrid storage tanks (cold and refrigerant) in addition to an excess 
heat storage tank that might be needed to prevent crystallization.  
 
8.1 Hybrid Storage Design Description 
Solar-powered LiBr-H2O absorption air-conditioning system can meet continuous 
operation (daytime and nighttime) by using a hybrid cold and refrigerant storage system 
as shown in figure 8-1. The excess heat storage tank (EHST) shown in figure 8-1 is used 
to accommodate any extra heat (during solar insolation peak times) in order to avoid 
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crystallization due to the increase in the solution concentration above the allowable limit 
as a result of high generator temperature. The generator temperature might be more than 
the system requires for non-crystallization operation due to the increase in solar intensity 
and hence the collector output during peak solar insolation time. This excess heat can be 
utilized during hours of lower solar insolation and hence reduce the heat required to 
produce the refrigerant storage; which is another benefit of this excess heat storage tank. 
Moreover, the excess heat storage tank is used to supply hot water to the building heater.  
 
Two temperature control valves (TCV1 and TCV2), one after the collector and 
the other after the excess heat storage tank (EHST), control and regulate the flow of the 
solar-collector fluid into the generator when the collector fluid temperature reaches its 
design limit (based on the generator working temperature range that prohibits 
crystallization). The temperature control valve (TCV1) directs the flow to the excess heat 
tank when the collector fluid temperature reaches 109 ºC. The second temperature control 
valve (TCV2) is used to regulate the temperature flow to supply the generator at 100 ºC. 
The flow to generator comes either from the collector directly or from the excess heat 
storage tank as one of the temperature control valves is closed when the other one is in 
the open mode, which means that both temperature control valves can’t be in the open 
mode at the same time.   
 
The heat rejection to the ambient can be by natural convection or forced fan. The 
total electricity requirement for the whole system is limited to that needed by the solution 
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pump. The valves: V1, V3, V4 and V5 are in open mode in the day operation and closed 
in night operation while valve V2, V6 and V7 are in close mode in the day operation and 
open in night operation. 
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Figure 8-1 Continuously Operated Solar powered LiBr-Water Absorption 
Refrigeration System with Hybrid Cold and Refrigerant Storage. 
(CD): Closed Daytime 
(OD): Open Daytime 
EV: Expansion Valve 
RCST: Refrigerant-condensate (liquid-water) Storage Tank 
TCV: Temperature Control Valve 
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The features of this system are:  
• Continuous uninterrupted operation even if one of the storage tanks is in maintenance 
or taken away for repair which is not possible for other systems where only one type 
of storage tank is used.   
• Crystallization prevention using excess heat storage tank and two temperature control 
valves   
• The generator, condenser and absorber operate during daytime only. 
• Less complexity in the control requirements due to less number of closing and 
opening daytime valves compared to hybrid heat and refrigerant storage system and 
hybrid heat and cold storage system. 
• Assist building water heating system, the hot water can be supplied to the building 
from the excess heat storage tank. 
• Refrigerant storage tank has thinner insulation compared to the cold and heat storage 
tanks. 
• Cold and Refrigerant storage tanks sizes are smaller compared to the other hybrid 
storage systems such as hybrid heat and refrigerant storage system and hybrid heat 
and cold storage system. 
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8.2 Unsteady Enthalpy-Concentration Diagram 
The thermodynamics state points (1-10) used in the analysis and simulation are 
shown in figure 7-1. For the sake of explanation, only three different time intervals (∆t) 
from morning till noon in the day period are shown in figure 8-2 as examples. The state 
points 1-10 represent the first time interval which starts when the generator temperature 
reaches its minimum required value to start the cycle operation. The second and the third 
time intervals are represented by the state points 1’-10’ and 1’’-10’’, respectively. 
  
The evaporator pressure (Plow) is constant with time based on a required constant 
cooling-effect temperature during the day and night time. However, the condenser 
pressure (Phigh) varies and increases with time after sunrise based on the corresponding 
increase in solar intensity and ambient temperature. The mass concentrations of the 
solution in the generator and absorber also vary with time as shown in figure 8-2. 
 
The maximum generator temperature can be one of the main causes of 
unacceptable level of the solution mass concentration, which leads to solution 
crystallization. The crystallization occurs when the concentration reaches high level 
[136]. Thus, the temperature control valves and the excess heat storage tank are used to 
control and regulate the flow of the solar collector fluid into the generator to avoid 
solution crystallization. Figure 8-2 shows that the weak and strong solution 
concentrations are increased with time due to the increase of generator maximum 
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temperature (from 8 to 8’ and then 8”) as the solar intensity and ambient temperature 
increase.  
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Figure 8-2 Enthalpy-Concentration Diagram of Unsteady LiBr-H2O 
Absorption Cycle  
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8.3 Unsteady Thermodynamic Analysis 
The analysis of this hybrid storage design has been developed to study the system 
performance and storage capacity based on estimated constant hourly cooling load of 5 
kW for a period of 24 hours (day and night). This constant cooling power meets a total 
daily cooling load of 120 kWh. This assumption of a constant cooling load for day and 
night is acceptable in Dhahran (near Gulf) area since there is no great temperature 
difference between day and night ambient temperatures in such Gulf region. Such 
assumption might not be acceptable in Riyadh city where there is large variation between 
day and night ambient temperatures. The system is designed to meet this constant cooling 
load but it operates on an unsteady-state operation mode in accordance with the variable 
solar insolation and ambient temperature over the day. The collector and other 
components are designed to cover summer peak load. For each time interval ∆t, the cycle 
is considered as a quasi-steady closed cycle in which the mass leaving a component is 
filled immediately by equivalent mass following it.  
 
The operating parameters pertaining to generator, absorber and condenser 
temperatures, condenser pressure and enthalpies are dependent on the hourly variable 
ambient conditions. Accordingly the performance parameters of the system such as its 
COP vary throughout the day with the changes in ambient temperature and solar 
intensity. The plots for the unsteady energy analysis were developed by the EES Software 
at every one hour time-step interval. 
 
	  
	  
123	  
	  
During nightime operation of this hybird-storage system, the refrigerant storage 
provides 50 % of the required amount of cooling effect and the remained 50 % are 
obtained by the cold storage. Selective-coated flat plate solar collector is used and the 
efficiency of the flat plate collector was assumed 42% [136]. The simulation is performed 
under Dhahran city ambient conditions. The condenser and absorber daytime operating 
temperatures are assumed at (Tamb + 5 ºC). The generator operating temperature is slected 
at (Tf - 3 ºC), where Tf is the solar collectors’ working fuild exit temperature, and the 
evaporator operating temperature is selected as 7.5 °C (constant), which can be a suitable 
temperature for air-conditioning or some vegitables and fruits cooling applications. The 
minimum generator temperature required to operate the system in summer is 76 °C if the 
condenser temperature is above 35 °C. In winter, the minimum generator temperature 
required to operate the system is 55 °C if the condenser temperature is above 25 °C. In 
order to avoid crystallization, the maximum generator temperature should not exceed 109 
°C in summer and 86 °C in winter. However, the generator temperature can reach in the 
present work 115 °C in summer and 94 °C in winter when the ambient temperature is 
above 38 °C (summer) and 20 °C (winter), respectively. This is because of the increases 
in the condenser temperature (hence pressure), which will decrease the possibility of 
crystallization. The following assumptions are made:  
1. Only pure refrigerant (water) flows through the condenser and evaporator 
2. Refrigerant exiting the condenser is saturated liquid 
3. Refrigerant exiting the evaporator is saturated vapor 
4. Pump efficiency is 75% 
5. Heat exchanger effectiveness is 70% 
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The operating temperature of the generator depends on the temperature of the 
solar collectors’ working fluid (Tf), which depends on the efficiency of the collector, 
ambient temperature (Tamb) and the solar intensity (I). The latter two parameters (Tamb and 
I) are taken from the hourly measured data for the city of Dhahran, Saudi Arabia by (the 
Research Institute at King Fahd University of Petroleum and Minerals, KFUPM). On the 
other hand, the area of the solar collectors’ field depends on the thermal energy needed 
by the generator (Qg) to operate the system cycle for the given input conditions. The fluid 
temperature at the exit of the solar collector tubes (Tf) depends on the ambient 
temperature as well as the solar intensity based on the flat plate assumption (42% and 
flat-plate collector equation [136] as given by equation (1),  
 
Tf = 0.098 ∗ 𝐼 + Tamb                    (8.1) 
 
The mass inside each component (control volume) of the cycle at the start of the 
time interval ∆t is the same as that inside the same component at the end of that time 
interval ∆t. Hence, there is no change in the mass inside the control volume.  
 
𝑚f = 𝑚i = 𝑚           (8.2)  
 
∑  𝑚in = ∑  𝑚out          (8.3) 
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where 𝑚f  is the final mass within boundaries of a system at end of a time interval 
(∆t), 𝑚i is the initial mass within boundaries of a system at start of a time interval (∆t), 𝑚in is the mass of fluid entering a system, 𝑚out is the mass of fluid existing a system. 
However, for each component in the cycle under the unsteady working conditions, a 
generalized energy equation over each finite time duration (∆t), assuming uniform flow 
processes [138], can be written as:  
 
Q – W = (∑mh)out  –  (∑mh)in  +  m (uf – ui)system     (8.4) 
 
where Q and W are the net thermal and mechanical energies, m is the mass inside 
the control volume (CV) and (uf – ui) is the change in internal energy per unit mass inside 
the control volume during time ∆t (uf is the final internal energy per unit mass inside the 
CV at the end of the time step (∆t) while ui is the initial value). 
 
The mass flow rates of the weak and strong refrigerant-absorbent solutions for 
lithium bromide-water to avoid crystallization are based on the mass concentrations for 
weak and strong solutions as equations (7.5 and 7.6). By applying the energy balance for 
the solution; the generator and evaporator heat and pump work are given by equations 
(7.7, 7.8, 7.9 and 7.10) where the enthalpy h (1-10) is based on the thermodynamics state 
shown on figure 7-1 and ∆t is one hour time-step interval.  
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The absorption system uses a heat exchanger between the generator and absorber 
to increase the coefficient of performance. The effectiveness of the heat exchanger is 
defined as the ratio of the actual heat transfer to the maximum possible heat transfer and 
is given by equation (7.14). The maximum heat transfer is the product of the minimum 
solution mass flow rate multiplied the enthalpy difference between the two heat 
exchanger inlet streams.  
The COP of an absorption system and the collector area can be expressed as follows: 
 
COP = !!"!!!!"          (8.5) 
 
Where 𝑄Ed is the evaporator heat during daytime operation which is required to fulfill the 
cooling requirements for daytime load as well the cold storage tank, 
 
𝑄Ed = !!∗!"!""#$%&'#  !"#$%&!!  !!"#$ * RCECS       (8.6) 
 
RCECS is the ratio of cooling effect for nighttime by cold storage    
Ac= 
!"!  ∗  ∆!∗  !!          (8.7) 
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The overall solar coefficient of performance that considers the solar energy as the input 
source can be obtained from the following equation: 
 
COPs=
!!"!  ∗    !  ∗  ∆!            (8.8) 
 
In this hybrid storage system, 50% of the required amount of cooling effect for nighttime 
operation is stored in the cold storage tank (RCECS= 0.5, which is the ratio of cooling 
effect for nighttime by cold storage). The cold storage mass is obtained from the 
following equation: 
	  𝑚cs= !!". !"!!"#$%  !"#   .    !"##  !!!  !"!         (8.9) 
 
Where h4 is the enthalpy of the vapor refrigerant (water) at the exit from the evaporator, 
h4f is the enthalpy of the cold stored liquid refrigerant (water) in the cold storage tank and 
QCS is shown in the following equation:   
 
QCS  = QE .RCECS                    (8.10) 
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The refrigerant storage mass for this system is obtained using equations (8.11, 8.12 and 
8.13). 
 
𝑚rf =  ṁrf. 3600. (24-Hours Day)       (8.11) 
 
ṁrf =   !!"!!!  !"          (8.12) 
 
𝑄rf  = 𝑄E -𝑄CS - 𝑄hs         (8.13) 
 
The excess heat and mass storage are obtained by using the following equations: 
 
𝑄hs= ṁr *  (hin  –  hex)  * ∆t        (8.14) 
 
hin is the enthalpy at the inlet to the excess heat storage tank while hex is the enthalpy at 
the exit from the excess heat storage tank 
 
𝑚hs= ṁr ∗ 3600         (8.15) 
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Engineering codes for this system has been developed by using the software, 
Engineering Equation Solver (EES). EES is used to conduct the analysis of absorption 
cycles and produce all of the presented results by using the mass and energy balance 
equations to analyze the performance of the system based on variable design data for 
quasi-state operation. The EES has a built in procedure for thermodynamic properties of 
LiBr-H2O solutions. Therefore, multiple iterations of the procedure are performed 
effectively for providing the right solutions to the problem under analysis. The iterative 
loop is carried out by EES using the mass and energy balance equations to determine the 
enthalpy (h), mass flow rate (ṁ), maximum & minimum generator temperatures and 
concentration values for each of the thermodynamics state to analyze the performance 
and storage capacity of the system based on variable design data related to the 
components temperature, heat exchanger effectiveness and pump efficiency. 
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CHAPTER 9 
RESULTS AND DISCUSSION 
 
This chapter provides the detailed results and discussion for the techno-economic 
investigation for solar-assisted air-conditioning system for commercial building 
application in Saudi Arabia. Also, this chapter presents the detailed results and discussion 
for the simulation of the solar absorption (LiBr-water) of the continuous operation 
systems, the hybrid storage systems and the unsteady analysis of the hybrid storage (cold 
and refrigerant) system for residential building application in Saudi Arabia.   
 
9.1 Techno-economic Results 
 
9.1.1 Payback Period (PBP) Results 
 
The economical results show that the payback periods for solar absorption system is 18.5 
years while it is 23.9 years for PV system which demonstrate that solar absorption is 
more feasible than solar PV system at the rate of electricity ($0.0693/kWh). Table 9-1 
summarizes the components cost, total investment cost and annual operation cost for the 
three systems. 
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The payback period results versus electricity rate range are investigated as shown 
in Table 9-2 and figure 9-1 illustrates that the payback periods decrease with the 
electricity rate increase for both systems. The solar absorption system is still more 
feasible for all ranges of electricity rate. Both systems have higher feasibility for larger 
commercial buildings than small commercial buildings that consume lower rate of 
electricity as shown in Table 9-2.  
 
Figure 9-1 shows that the payback periods difference between the solar absorption 
system and solar PV-vapor compression system reduces as the electricity rate increases. 
Such payback periods difference becomes slight at very high electricity rates such as the 
international average electricity rate.    
 
At the average international electricity rate of ($0.16/kWh [139]), the payback 
period for solar absorption system is 9 while it is 10 for PV system. This verifies that 
solar absorption system is more feasible when compared to PV system at the average 
international rate of electricity. Figure 9-2 shows that solar absorption system is still more 
feasible than solar PV system even for high electricity rate of $0.38/kWh, which is higher 
than the very expensive electricity rate, which is $0.373/kWh. 
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Table 9-1 PBP at Electricity Rate of $0.0693/kWh 
E=$0.0693/kWh Vapor Compression PV-Vapor Compression Solar Absorption 
Investment Cost 
VC Chiller $600,000 $600,000 - 
Absorption Chiller - - $774,000 
Solar Collectors - - $1,058,000 
Storage Tank - - $184,000 
PV System - $1,669,440 - 
Total Investment Cost $600,000 $2,269,440  $2,016,000 
Cost Per kWc $638	   $2,414  $2,145 
Annual Operation Cost 
Electricity  $95,107 0 $9,502 
Maintenance $24,000 $24,000 $774 
Total annual Cost $119,107  $24,000  $10,276  
Total Annual Saving - $95,107	   $108,831  
Payback Period PBP 
(Years) 
- 
23.9 18.5 
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     Figure 9-1 Payback Periods by Electricity Rate  
 
Table 9-2 Payback Periods versus Electricity Rate Range 
Electricity Rate ($/kWh) 
PBP-Number of Years 
Solar Absorption  Solar PV-VC  
0.0320 (0- 4,000 kWh) 32.1 51.6 
0.0533 (4,001-8,000 kWh) 22.6 31 
0.0693 (More than 8,000 kWh)  18.5 23.9 
0.16 (Average International) 9.1 10.3 
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Figure 9-2 Payback Period for High Electricity Rate 
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In order to make both systems with more attractive feasibility, 50% government 
subsidy of the total investment shall reduce the payback period for both systems as shown 
in Table 9-3. The payback for solar absorption system reduced to 9 years at $0.0693/kWh 
electricity rate. For PV system, the payback decreased to 11 years at the same rate of 
electricity. 
 
Thus, it is demonstrated that solar absorption system is the best economical 
choice for wider range of electricity rates in the eastern province of Saudi Arabia. Large 
buildings with high electricity consumption (above 8,000 kWh per month) are the most 
cost-effective option for solar absorption application.  
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Table 9-3 Payback Period versus electricity rate range with 50 % Government 
Subsidy 
50 % Government Subsidy PBP-Number of Years 
Electricity Rate ($/kWh) Solar Absorption  Solar PV-VC  
0.0320 (0- 4,000 kWh) 16.1 25.8 
0.0533 (4,001-8,000 kWh) 11.3 15.5 
0.0693 (More than 8,000 kWh)  9.2 11.9 
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9.1.2 Net Present Value (NPV) Results 
 
The results of this type of analysis show that net present value for the solar 
absorption system is $701,512, indicating that solar absorption system is feasible at this 
rate of electricity. On the other hand, the PV system is not economic at the same rate of 
electricity as net present value is negative, -$13,327. The NPV detailed mathematical 
calculation at the electricity rate of $0.0693 is shown in APPENDIX 1 for solar 
absorption system and shown in APPENDIX 2 for PV-vapor compression system. 
 
Table 9-4 and figure 9-3 show the net present value for both systems versus 
electricity rates. It demonstrates that the net present value for solar absorption system 
becomes positive “feasible” at the electricity rate of $0.0533/kWh while PV system is not 
feasible at all rates of electricity in Saudi Arabia. The net present value for PV system 
becomes positive “feasible” at the average international electricity rate, $2,154,209, 
which still has lower level of feasibility than solar absorption system, $2,652,143, at this 
rate. The net present value analysis indicates that the feasibility improves for higher 
electricity rates as shown in figure 9-3. Figure 9-4 shows the net present value for both 
systems versus electricity rates in the currency of Saudi Riyal.  
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Table 9-4 NPV Results 
Electricity Rate ($/kWh) NPV ($) 
  Solar Absorption  Solar PV-VC  
0.0320 -11,036 -32,046 
0.0533 18,052 -28,086	  
0.0693 701,512 -13,327 
0.16 (Average International) 2,652,143	   2,154,209 
 
 
 
Figure 9-3 NPV by Electricity Rate in US Dollar 
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Figure 9-4 NPV by Electricity Rate in Saudi Riyal 
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The analysis of both methodologies shows that solar absorption system is more 
economic than PV system in the eastern province of Saudi Arabia. The feasibility 
improves at higher rate of electricity that is applicable for large commercial buildings 
consumes massive amount of electricity. Moreover, the feasibility is improved by 
applying government subsidy. According to the net present value methodology, the PV 
system is not feasible for eastern province of Saudi Arabia for all range of commercial 
buildings. 
 
 
9.1.3 Economic Comparison Results  
The economical results of the payback period PBP method has been compared 
with [14], HOTRES project which aimed the implementation for future massive 
applications of renewable energies. The comparison results showed that the feasibility of 
implementation of solar air-conditioning applications in Saudi Arabia is better than 
Europe for both PV system and solar thermal systems. Table 9-5 shows that the payback 
period for solar thermal in Saudi Arabia is 18.5 years while it is 19 years in France. 
Furthermore, the payback period for the PV system is lower in Saudi Arabia, 23.5 years 
compared to Greece, 43 years as shown in Table 9-6. The main factors of such results 
comparisons are the followings: 
 
• Higher solar insolation in Saudi Arabia than Europe.     
• Extreme cooling demand in Saudi Arabia during noon time  
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Table 9-5 Solar Thermal System PBP Comparison  
 
Country Number of Years 
Saudi Arabia [Present Work] 18.5 
France [14] 19 
 
 
 
 
 
 
Table 9-6 Photovoltaic System PBP Comparison  
 
Country Number of Years 
Saudi Arabia [Present Work] 23.9 
Greece [14] 43 
 
 
 
 
 
 
 
 
 
 
 
 
	  
	  
142	  
	  
9.1.4 Technical Results  
 
The pervious economical results were based on assumed COP and pump electrical 
consumption as the cost of the absorption chiller is based on such assumption. In this 
section, the results of the thermodynamic analysis are utilized to obtain the actual COP 
and pump electrical consumption in order to have more accurate economical results.    
 
Applying the mass and energy equation, Table 9-7 shows the component 
thermodynamic results and the following are the main results: 
 
• 𝑄G =1,962 kW  
• Wp =0.0846 kW  
• COP = 0.7644  
• COPmax = 1.421  
• ɳII = 0.538 
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Table 9-7 Solar Absorption Thermodynamics Properties Results 
State Enthalpy (kJ/kg) Pressure (kPa) Mass flow rate (kg/s) 
1 2684 12.97 0.652 
2 213.5 12.97 0.652 
3 213.5 1.037 0.652 
4 2514 1.037 0.652 
5 138.67 1.037 8.48 
6 138.7 12.97 8.48 
7 222.3 12.97 8.48 
8 268.2 12.97 7.82 
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The temperatures variables for the evaporator and condenser are studied to 
determine the optimum design temperatures and COP. The following five different 
evaporator temperatures are analyzed: Te= 5 ºC, 7.5 ºC, 10 ºC, 12.5 ºC and 15 ºC. It found 
that COP increases with the increase of the evaporator temperature. The height COP 
reaches to 0.7687 when the evaporator temperature is 15 ºC. 
 
The condenser temperatures are also investigated, the temperature is allowed to 
vary above the environment temperature with maximum temperature difference of 13ºC 
higher than the environment temperature. The following condenser temperatures are 
evaluated: Tc= 48 ºC, 49.5 ºC, 51 ºC, 52.5 ºC and 54 ºC. The results show that COP 
increases with the decrease of the condenser temperature. The highest COP reaches to 
0.7683 when the condenser temperature is at the lowest temperature 48 ºC. This increase 
of COP will improve the system design and the economical feasibility in making the solar 
absorption more attractive for the development in Saudi Arabia. The design temperature 
variables can improve COP in order to make the solar absorption system more 
economically due to components sizing optimization and cost saving. 
 
The calculated actual COP and pump consumption will provide enhanced 
assessment of the effect of COP on the economical results in term of PBP and NPV. The 
COP found 0.7644 and the pump consumption 0.0846 kW. Thus, the heating load is 
decreased to 1,230 kWh instead of 1,343kWh which resulted on system design 
optimization and cost saving by 8.4 % as shown in Table 9-8. 
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The actual annual pump consumption found 309 kWh, which achieve greater 
energy saving for the solar absorption system. The actual annual absorption electricity 
consumption cost is $21.4 rather than $9,502 making the solar absorption more feasible. 
Table 9-9 shows the economical results based on actual COP and pump consumption. For 
the actual COP, the payback for solar absorption is reduced to 16 years while it is 18 
years for the assumed COP and pump consumption. The increase of COP from the 
assumed 0.7 to the actual 0.7641 resulted in two years reduction in PBP. 
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Table 9-8 Collector and Tank Cost (Assumed versus Actual COP)  
Component  $ (Assumed COP) $ (Actual COP) 
Collector 1,058,000 968,617 
Tank 184,000 164,455 
 
 
Table 9-9 PBP at Electricity Rate of $0.0693/kWh and Actual COP and pump   
consumptions 
 
Vapor Compression Solar Absorption 
Investment Cost 
 VC Chiller 600,000 - 
Absorption Chiller - 774,000 
Solar Collectors - 968,617  
Storage Tank - 164,455 
PV System - - 
Total Investment Cost $600,000 $1,907,072 
 
Annual Operation Cost 
Electricity  $95,107 $21.4 
Maintenance $24,000 $774 
Total annual Cost $119,107  $795  
Total Annual Saving - $118,312  
Payback Period PBP (years) - 16.1 
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The economical results indicate that for actual COP and pump consumption, the 
NPV is increased to $975,527 compared to NPV at the assumed COP and pump 
consumption $701,512 by the rate of 39%. From both methodologies, COP improvement 
has major and direct impact on the economical results making the solar absorption more 
attractive for implementation. This type of analysis shall assist the designers and 
engineers to select the optimum design temperatures to develop improved economical 
system. 
 
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
148	  
	  
9.2 Continuous Operation Designs  
	  
A comprehensive comparative analysis is summarized in Table 9-10 after 
conducting a thorough thermodynamic analysis for all the three design alternatives. This 
forms the basis for selecting the optimum design. As indicated by Table 9-10, the heat 
capacity of the generator for the heat storage system is the lowest during nighttime 
operation and highest for the cold storage system during daytime operation. Since the 
heat capacity of the condenser is directly proportional to the heat capacity of the 
generator, the heat capacity of condenser for heat storage system during nighttime 
operation is the lowest. The heat capacity of the evaporator for the cold storage systems is 
in general higher than in the refrigerant system or heat storage system. 
 
Additionally, the refrigerant storage systems require a practically smaller collector 
area. Table 9-10 also indicates that the system mass and collector area are large for heat 
storage system (1896 kg and 62.8 m2, respectively), as shown in figure 9-5 and Table 9-8. 
Hence, the heat storage system is an unsuitable selection. 
 
Figure 9-5 shows the storage mass for all the three designs. It shows that heat 
storage system has the highest storage capacity (1,896 kg) where the cold and refrigerant 
systems have the lowest storage capacity (101.5 kg and 108.5 kg, respectively), with 
slight difference between the two. 
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Table 9-10 Thermodynamic Analysis for the three continuous operation systems 
Parameter  Unit Designs 
  Heat Storage Cold Storage Refrigerant Storage 
COPs  0.327 0.324 0.775 
Storage Mass (kg) 1896 101.5 108.5 
Generator Heat (kW) 6.374 15.58 6.491 
Condenser Heat (kW) 5.309 12.83 5.348 
Evaporator Heat (kW) 5 12 5 
Absorber Heat (kW) 6.066 14.74 6.143 
Pump Work (kW) 0.0001208 0.0004763 0.0001985 
Heat 
Exchanger 
Heat (kW) 2.349 5.638 2.349 
Flat Plate 
Collector 
m2 62.8 63.5 26.5 
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         Figure 9-5 Mass Storage for the Three Systems  
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The cost of each component relies on the heat-capacity of that component. The 
lower heat-capacity corresponds to lower heat exchange area required for each 
component. Thus, this further depends on a lower cost for the component. The cold 
storage system has the lowest storage capacity. However, this system has large collector 
area, hence; it is not the optimum design. Table 9-11 shows the cost for the collector for 
the three designs. The rate of the flat plate collector is $230/ m2 [125]. For the evacuated 
tube collector, the rate is $551 /m2 [20]. 
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Table 9-11 Collector Cost for the Alternative Designs 
Parameter  Alternative Designs 
 Heat Storage Cold Storage Refrigerant Storage 
Collector ($) 26,151             14,605 6,095 
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From the above results, the refrigerant storage system is found most candidate 
choice in terms of system performance, storage capacity and collector cost as indicated 
by Table 9-10 and 9-11 and Figure 9-5. Additionally, the refrigerant storage system has 
no complexity in design where the size and mass are acceptable. Moreover, this system 
doesn’t require insulation. Thus, the refrigerant storage system is the greatest selection 
among the analyzed designs to provide continuous operation of cooling for solar 
absorption LiBr-water system. 
 
Figure 9-6 shows the effect of evaporator temperature on the mass storage for the 
refrigerant storage system. The mass storage decreases for higher evaporator 
temperatures. This means that increasing the evaporator temperature will result in cost 
savings due to the reduction in storage tank. Similarly, figure 9-7 compares the mass 
storage for the refrigerant storage system against condenser temperatures. It shows that 
the mass storage increases as the condenser temperature increases. 
 
Figure 9-8 shows that as the solar available time for the refrigerant storage system 
increases, which is applicable for summer, the mass storage capacity decreases. This 
indicates that a location featuring longer solar availability is highly suitable for this 
system. For locations where the solar available time is 14.5, the storage capacity is 
decreased to less than 75 kg. 
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Figure 9-6 Evaporator Temperature Variation versus Mass Storage for   
Refrigerant Storage System 
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Figure 9-7 Condenser Temperature Variation versus Mass Storage for  
Refrigerant Storage System 
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Figure 9-8 Solar Time by Mass Storage for Refrigerant Storage System 
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During the whole day (24-hour) for the three systems, the only electrical energy 
used is the pump consumption which is less than 0.01% of the total energy produced by 
electricity. Table 9-10 shows the amount of energy saved using solar air-conditioning 
with three systems. It indicates that for one building, 56.3 MWh of electrical energy can 
be saved in annual bases. 
 
For 5 kW cooling power, solar air-conditioning through the three design systems 
can reduce large amount of CO2 emission as shown in Table 9-11.  
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Table 9-12 Energy Saving  
Period Energy Saving 
Hourly 6.43 kWh 
Daily 154.2 kWh 
Annually 56.3 MWh 
 
 
 
Table 9-13 CO2 Emission Saving 
Period CO2 Emission Saving 
Hourly 2.544 kg of CO2 
Daily 61 kg of CO2 
Annually 22,289.5 kg (22 ton) of CO2 
 
 
 
 
 
 
 
 
 
 
	  
	  
159	  
	  
9.3 Hybrid Storage Designs  
 
A complete comparative analysis is summarized in Table 9-14 after conducting 
thorough thermodynamic analysis for all the four hybrid storage designs which forms the 
basis for selecting the optimum design. As indicated in the table, the generator heat 
capacity is the lowest for heat, cold and refrigerant hybrid storage system during 
nighttime operation and highest for the cold and refrigerant hybrid storage system and 
heat and cold hybrid storage system during daytime operation. As the heat capacity of the 
condenser is directly proportional to the heat capacity of the generator, the heat capacity 
of the condenser for the heat, cold and refrigerant hybrid storage system during nighttime 
operation is the lowest. The heat capacity of the evaporator for cold and refrigerant 
hybrid storage system and heat and cold hybrid storage system is generally high 
compared to the other systems. Table 9-14 also indicates that COPs is the highest for 
heat, cold and refrigerant hybrid storage system and the lowest for heat and cold hybrid 
storage system.   
  
Heat, cold and refrigerant hybrid storage system requires a reasonably small 
collector area for operation and highest COPs. However, the mass storage of this system 
for the three tanks is large especially for the heat storage (473.9 kg). Hence, this system is 
an unsuitable selection. Table 9-14 shows that the heat and refrigerant hybrid storage 
system has the highest storage capacity while cold and refrigerant hybrid storage system 
has the lowest storage capacity accompanied with second highest COPs.  
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Table 9-14 Thermodynamics Analysis Results for the four hybrid designs 
Parameter  Unit Hybrid Storage Designs 
  Heat-
Refrigerant  
Cold-
Refrigerant  Heat-Cold  
Heat-Cold-
Refrigerant  
COPs 
 0.521 0.701 0.497 0.765 
Heat Storage Mass (kg) 947.8 - 947.8 473.9 
Cold Storage Mass (kg) - 50.75 50.75 25.37 
Refrigerant 
Storage Mass (kg) 54.27 54.27 - 54.27 
Generatorday Heat (kW) 6.491 7.789 7.789 3.894 
Generatornight Heat (kW) 3.187 - 3.187 1.594 
Condenserday Heat (kW) 5.348 6.417 6.417 3.209 
Condensernight Heat (kW) 2.654 - 2.654  1.327 
Evaporatorday Heat (kW) 5 6 6 3 
Evaporatornight Heat (kW) 5 5 5 5 
Absorberday Heat (kW) 6.143 7.372 7.372 3.686 
Absorbernight Heat (kW) 3.033 - 3.033 1.516 
Pumpday Work (kW) 0.0001985 0.0002381 0.0002381 0.0001191 
Pumpnight Work (kW) 0.0000604 - 0.0000604 0.0000302 
Heat 
Exchangerday 
Heat (kW) 2.349 2.819 2.819 1.409 
Heat 
Exchangernight 
Heat (kW) 1.132 - 
 
1.132 
 
0.5658 
Flat Plate 
Collector Area (m
2) 39.46 31.76 44.75 22.37 
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From the above results, the cold and refrigerant hybrid storage system appears to 
be the most candidate system in terms of performance, storage capacity and collector 
size, as indicated by Table 9-14. Additionally, this system has no complexity and simple 
in design and this system size and mass are acceptable. Hence, the cold and refrigerant 
hybrid storage system is the best choice of the investigated systems to provide for the 
continuous operation of cooling effect for solar absorption LiBr-water system.  
 
The most suitable hybrid system (cold and refrigerant storage system) is 
compared with the most suitable system for continuous operation design (the refrigerant 
storage system) which discussed in section 9.2 as shown in Table 9-15. The COPs for 
refrigerant storage system is higher due to smaller collector area as shown in Table 9-15 
based on smaller evaporator and generator sizes as there is no cold storage operation 
requirements. However, the storage size compared to the hybrid cold and refrigerant 
storage system is larger by 3 %. It shows that the storage capacity for cold and refrigerant 
hybrid storage system reduction is one of the major features of hybrid cold and 
refrigerant storage system. Also, the cold and refrigerant hybrid storage system continues 
uninterrupted operation even if one the storage tanks need maintenance/shutdown which 
is not possible in refrigerant storage system. 
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Table 9-15 Comparison between Refrigerant Storage [9.2] and Hybrid Cold and  
    Refrigerant Storage Systems  
Parameter Unit System 
  Refrigerant Storage [9.2] 
Hybrid Cold & 
Refrigerant Storage 
COPs  0.775 0.701 
Storage Mass (kg) 108.5 105.02 
Generator Heat (kW) 6.491 7.789 
Condenser Heat (kW) 5.348 6.417 
Evaporator Heat (kW) 5 6 
Absorber Heat (kW) 6.143 7.372 
Pump Work (kW) 0.0001985 0.0002381 
Heat Exchanger Heat (kW) 2.349 2.819 
Collector Area (m2) 26.5 31.76 
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The share of each storage tank towards the cooling effect supply has major effects 
on the mass storage and the system design improvement. Table 9-16 shows such type of 
effects for the heat, cold and refrigerant hybrid storage system. It can be seen from the 
table that the heat and cold mass storages decrease and the refrigerant mass storage 
increases when RCEHS and RCECS decrease. Also, the table indicates that the optimum 
selection of storage sizes based on RCEHS and RCECS values which occur when they 
are equal to 0.05 and 0.75, respectively. Figure 9-9 shows the storage capacity by 
RCEHS and RCECS variation for the heat, cold and refrigerant hybrid storage system 
when RCEHS = RCECS. As RCEHS & RCECS increase, the heat and cold mass 
storages increase while the refrigerant mass storage decreases. It shows that the mass 
storage for the three tanks is feasible when RCECS & RCEHS are low. Table 9-17 shows 
the effect of RCEHS and RCECS variation on the collector size for the heat, cold and 
refrigerant hybrid storage system. It shows that the collector area decreases as the 
RCEHS and RCECS decrease. The table indicates that the collector area reaches its 
smallest value (4.475 m2) when RCEHS and RCECS are both equal to 0.05. 
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Table 9-16 Storage capacity by RCEHS and RCECS variation for the Heat, Cold and  
        Refrigerant Hybrid Storage System 
RCEHS 
% 
RCECS 
% 
Cold  Storage 
Mass (Kg) 
Heat  Storage 
Mass (Kg) 
Refrigerant Storage 
Mass (Kg) 
0.05 0.05 5.075 94.78 97.69 
0.15 0.15 15.22 284.3 75.98 
0.25 0.25 25.37 473.9 54.27 
0.35 0.35 35.52 663.5 32.56 
0.45 0.45 45.67 853 10.85 
0.45 0.05 5.075 853 54.27 
0.35 0.15 15.22 663.5 54.27 
0.25 0.25 25.37 473.9 54.27 
0.15 0.35 35.52 284.3 54.27 
0.05 0.45 45.67 94.78 54.27 
0.75 0.05 5.075 1422 21.71 
0.65 0.15 15.22 1232 21.71 
0.55 0.25 25.37 1043 21.71 
0.45 0.35 35.52 853 21.71 
0.35 0.45 45.67 663.5 21.71 
0.25 0.55 55.82 473.9 21.71 
0.15 0.65 65.97 284.3 21.71 
0.05 0.75 76.12 94.78 21.71 
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Figure 9-9 Storage capacity by RCECS and RCEHS variation for Heat, Cold 
and Refrigerant Hybrid Storage System 
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Table 9-17 Collector size by RCEHS and RCECS variation for the Heat, Cold and  
Refrigerant Hybrid Storage System 
RCECS  % RCEHS  % Collector Area  (m2) 
0.05 0.05 4.475 
0.15 0.15 13.42 
0.25 0.25 22.37 
0.35 0.35 31.32 
0.45 0.45 40.27 
0.05 0.45 14.87 
0.15 0.35 18.62 
0.25 0.25 22.37 
0.35 0.15 26.13 
0.45 0.05 29.88 
0.05 0.75 22.67 
0.15 0.65 26.42 
0.25 0.55 30.17 
0.35 0.45 33.92 
0.45 0.35 37.68 
0.55 0.25 41.43 
0.65 0.15 45.18 
0.75 0.05 48.93 
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Figure 9-10 shows the effect of RCEHS variation on the mass storages for the 
heat and refrigerant hybrid storage system. The refrigerant mass storage decreases 
slightly for higher RCEHS. However, the heat mass storage increases as RCEHS 
increases which means that decreasing RCEHS will result on cost saving due to heat 
storage tank major reduction and refrigerant storage tank low cost. Similarly, figure 9-11 
shows the mass storages for the cold and refrigerant hybrid storage system against 
RCECS variation. It shows that the refrigerant mass storage decreases while cold mass 
storage increases with the increase of RCECS.   
Figure 9-12 shows that as RCECS for the heat and cold hybrid storage system 
increases, the heat mass storage capacity decreases and cold mass storage increases 
slightly. When RCECS is 0.95, both heat and cold storage will have the same storage 
capacity. The effect of RCEHS and RCECS on the collector area for the hybrid storage 
systems (heat and refrigerant, cold and refrigerant, & heat, cold and refrigerant) is shown 
in figure 9-13. It shows that as RCEHS and RCECS increase, the collector area increases. 
The smallest collector area occurs for cold and refrigerant hybrid system when RCECS is 
small. However, the largest collector area occurs for heat and cold hybrid storage system 
and cold and refrigerant hybrid storage system when RCEHS and RCECS become larger. 
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            Figure 9-10 RCEHS variation for Heat and Refrigerant Hybrid Storage System 
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Figure 9-11 RCECS variation for Cold and Refrigerant Hybrid Storage  
System 
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Figure 9-12 RCECS variation for Heat and Cold Hybrid Storage System 
 
Figure 9-13 Collector area for Three Hybrid Storage Systems 
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 Since the cold and refrigerant hybrid storage system is the most suitable system, 
the solar available time effect on the mass storage capacity and collector area was 
investigated as shown in figures 9-14 and 9-15. The cold and refrigerant mass storages 
capacities and collector area decrease as the solar available time increases. This indicates 
that a location featuring longer solar availability is highly suitable for this system. Also, it 
indicates that the feasibility of this system is higher in summer time where the solar 
availability increases.   
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Figure 9-14 Solar Available Times versus Mass Storage for Cold-Refrigerant 
Hybrid Storage System 
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Figure 9-15 Solar Available Times versus Collector Area for Cold-Refrigerant  
         Hybrid Storage System 
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9.4 Unsteady Analysis of Hybrid Storage Design 
  
The data of the monthly average daily solar radiation and ambient temperature for 
Dhahran city, which have been obtain from King Abdullah City for Atomic and 
Renewable Energy [140], are shown in figure 9-16. It shows that the maximum solar 
radiation and ambient temperature occur in May, June and July while the minimum take 
place in November, December and January. Nine representative days for three months in 
summer and eight representative days for three months in winter are shown in figures 9-
17 and 9-18. The data of the representative days are obtained from the Research Institute 
at King Fahd University of Petroleum and Minerals, KFUPM [141].   
   
It can be seen from figures 9-17 and 9-18 that the solar intensity and ambient 
temperature increased and reached the peak values during noon time. Also, figures 9-17 
and 9-18 show that the summer time has higher solar intensity and ambient temperature 
than winter time. The peak time for solar intensity is from 11:00 to 13:00 while the peak 
time for ambient temperature is from 12:00 to 14:00 for both winter and summer. In 
winter, the ambient temperature is higher in November while solar intensity is higher in 
January as shown in figure 9-17. Figure 9-18 shows that the ambient temperature is 
increased in July; however, the solar intensity is higher and reached to its peak values in 
June.  The main energy and capacity input in summer are summarized in Table 9-18. 
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Figure 9-16 Monthly Average Daily Solar Radiation and Ambient Temperature during  
             the year 2014. 
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Figure 9-17 Daily variation of solar radiation and ambient temperature in winter. 
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Figure 9-18       Daily variation of solar radiation and ambient temperature                            
                          in summer. 
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Table 9-18 Energy and Storage Capacity Inputs in summer 
Parameter Unit                  Value 
Effective Sunlight Hours         Hour  9 
Nighttime Cooling Hours        Hour  15 
Hourly Cooling Energy           kWh  5 
Daily Cooling Load                  kWh  120 
Qcold storage                            kWh  37.5 
Cold Storage Size                     kg  54.37 
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The energy for generator, condenser and absorber during the representative days 
of summer is shown in figure 9-19. The generator has the highest energy values while the 
condenser has the lowest energy values. Figure 9-19 shows that the daily variation with 
time in summer of the required generator energy to satisfy the constant load constraint 
and the obtained absorber energy. It is noticeable that these two energies have their 
highest daily values at the start and the end of the effective sunlight hours (around 8:00 
AM and 16:00 PM). This is due to the low solar energy intensity at 8:00 AM and 16:00 
PM and the high ambient temperature around 16:00 PM. These ambient conditions and 
the constraint of constant cooling load all over the 24 hours of the day require high 
enthalpy difference between the generator inlet and exit around 8:00 AM and 16:00 PM, 
which will increase the required generator and the obtained absorber energies at the start 
and the end of the effective sunlight hours. In the representative summer day of May and 
June and at the end of the effective sunlight hour, the generator and absorber energy 
reaches the peak values (22.38 kWh and 22 kWh, respectively) as a result of extremely 
low solar intensity and high ambient temperature. The condenser energy does not show 
any major change since it depends on the condenser temperature which shows slight 
variation. In summer, the daily average generator, absorber and condenser energy are 
8.82, 8.38 and 7.11, respectively. 
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       Figure 9-19 Components Hourly Energy for representative days of summer 
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Figures 9-20 and 9-21 show the absorber temperature and solution concentration 
at the exit of the absorber (strong refrigerant solution concentration, Xss) for 
representative days of summer and winter. The absorber concentration depends on the 
ambient temperature (absorber temperature) as shown in figures 9-20 and 9-21. The 
absorber concentration is higher in summer than in winter as indicated in figure 9-20. The 
maximum absorber concentration in summer is in July while it reaches its peak value in 
winter in November.   
The coefficient of performance (COP) for the representative days of summer is 
shown in figure 9-22. The coefficient of performance (COP) decreases at the start and the 
end of the effective sunlight due to the high generator heat energy at this time. COP 
reaches to its peak values (0.84) at noon time in summer and the daily average COP is 
(0.775).     
Table 9-19 shows the variation range of the solar coefficient of performance 
(COPs) for the representative days of summer.  
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Figure 9-20 Time Variation of Absorber Temperature and Concentration for     
representative days of summer 
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Figure 9-21 Time Variation of Absorber Temperature and Concentration for 
representative days of winter 
 
0.35	  
0.37	  
0.39	  
0.41	  
0.43	  
0.45	  
0.47	  
0.49	  
0.51	  
0.53	  
0.55	  
15	  
17	  
19	  
21	  
23	  
25	  
27	  
29	  
31	  
33	  
9:00	   12:00	  15:00	  11:00	  14:00	  10:00	  13:00	   9:00	   12:00	  15:00	  11:00	  14:00	  10:00	  13:00	  10:00	  13:00	   9:00	   12:00	  15:00	  
Te
m
pe
ra
tu
re
	  (C
)	  
Time	  (hours)	  
Tabs	  
Xabs	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  January	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  November	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  December	   	  
	  
	  
184	  
	  
 
  Figure 9-22 Coefficient of Performance (COP) for representative days of summer 
 
Table 9-19 COPs Variation in summer 
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Figure 9-23 show the collector area for the representative days of summer. The 
collector area for summer reaches its highest size at the start and the end of the effective 
sunlight due to the required high generator heat energy (due to the assumption of constant 
cooling load and low solar intensity). On the other hand, the collector area has its 
minimum value at noon time. The daily average collector area is 28.3 m2. 
 
The refrigerant storage tank size for the representative days of summer is shown 
in figure 9-24. The refrigerant storage tank size increases and reaches its peak values at 
the start and the end of the effective sunlight in summer due to the lower contribution of 
the heat storage tank supply as a result of low solar intensity. The minimum refrigerant 
storage tank size occurs in the noon time. The daily average refrigerant storage tank size 
is 53.3 kg. 
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      Figure 9-23 Collector Area for representative days of summer 
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        Figure 9-24 Refrigerant Storage Size for representative days of summer 
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                   CHAPTER 10 
VALIDATION 
 
This chapter provides the validation of the simulation carried out. The system 
modeling of LiBr-water absorption, single-effect, air-cooled system with flat plate 
collector is validated against the results of experiments carried out in Madrid during 
summer 2010 [95].  
 
For the sake of the comparison with the experimental work, the following are the 
main input parameters used in the present work simulation which were used in the 
experimental work [95]: cooling power = 4.5 kW, generator temperature = 95 °C, 
condenser temperature = 47 °C, absorber temperature = 42 °C, evaporator temperature = 
10 °C and heat exchanger effectiveness = 0.88. In this comparison, the storage tank used 
is the heat storage tank as per the experimental work storage method. The comparison 
shows that the results of the maximum heat rates of generator and absorber, COP, storage 
mass and collector area are acceptable. The comparison in Table 10-1 shows a maximum 
percentage difference of 5.7% in COP. 
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Table 10-1 Comparison between present study and experimental work results   
Parameter   
  Present Study 
(EES)  
Experimental 
Results  
Percentage 
Difference (%) 
COP           0.8488 0.90 5.7 
Generator (kW)           5.301 5.5 3.62 
Absorber (kW)  5.004 5 0.08 
Hot Storage Mass 
(kg) 
 
1509 1500 0.6 
Collector Area (m2)         46.26 48 3.625 
 
 
The system modeling in this study using (EES) is also validated by published 
work results using TRNSYS program [84] feeding same cooling capacity of 11 kW and 
operating conditions (Tg = 84.6 °C, Te=4.4°C, Tc=38 °C, Ta=36.2° C, εHE=0.6, Xss = 
0.561, Xws = 0.613. The same results were obtained from the two programs for the heat 
rates of condenser and the COP as presented in Table 7.2. The corresponding results for 
refrigerant, weak and strong solutions mass flow rates from TRNSYS software are also 
presented in Table 10-2 for the sake of comparison. The maximum percentage difference 
between the two programs simulations results was 3.3% for COP. 
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Table 10-2 Comparison between present study (EES) and published (TRNSYS) 
software results   
Parameter   
  Present 
Study (EES)  
Published Results 
(TRNSYS)  
Percentage 
Difference (%) 
COP           0.7647 0.74 3.3 
Condenser (kW)           11.67 11.89 1.8 
Refrigerant Mass Flow 
Rate (kg/s) 
 0.004682 0.0048 2.4 
Weak Solution Mass Flow 
Rate (kg/s) 
 0.05051 0.0512 1.3 
Strange Solution Mass 
Flow Rate (kg/s) 
 0.05519 0.056 1.4 
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                  CHAPTER 11 
CONCLUSIONS AND RECOMMENDATIONS 
	  
 
The development of a solar air-conditioning system that will meet a 24-hour 
uninterrupted daily cooling load in buildings in Saudi Arabia is presented. The 
development includes an in-depth review of novel alternative solar-powered LiBr-water 
absorption designs of three storage systems and four hybrid storage systems. Also, the 
impact of unsteady analysis of hybrid storage (cold plus refrigerant) design system on the 
operation and performance parameters of absorption chiller of 5 kW cooling power with 
hybrid storage system is discussed. Moreover, the techno-economic analysis and 
feasibility for three systems: conventional vapor-compression system, solar absorption 
system and solar photovoltaic vapor-compression system is presented. Based on the 
analysis of the results; the following can be concluded:  
 
1- The economical analysis using payback period (PBP) and net present value (NPV) 
methods revealed that solar LiBr-H2O absorption system and solar photovoltaic 
vapor-compression systems can be economically feasible in the eastern province of 
Saudi Arabia for large commercial buildings that consume large amount of electrical 
energy (more than 8000 kWh per month). However, the results show that solar 
absorption systems are more feasible than solar photovoltaic vapor-compression 
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systems. The results indicate that the increase in the COP reduces the payback period 
(PBP) and increases the net present value (NPV) of the system.  
 
2- The results for the continuous operation designs analysis show that the cold storage 
system has the lowest mass requirement and has the highest collector area. Although 
the heat storage system has the highest COP during nighttime operation, its mass 
requirement is the highest. The analysis revealed that the best-suited alternative 
design is that with refrigerant storage for a solar LiBr-H2O absorption system 
because the collector size is smaller than to the other alternates designs. 
Additionally, the refrigerant storage system requires non-insulated storage tank. 
These two features confirm that the cost of the refrigerant storage system is lowest 
compared to the alternatives designs. 
 
3- The results for the hybrid storage designs analysis show that heat, cold and 
refrigerant hybrid storage system require smaller collector area (22.37 m2), however, 
has a high storage capacity especially for heat storage tank (473.9 kg). Although, the 
heat, cold and refrigerant hybrid storage system has high COPs (0.765), the mass 
requirement for this system is very high. The analysis revealed that hybrid storage 
design with cold and refrigerant storage for solar LiBr-H2O absorption systems is the 
best suitable design since the collector size is comparatively smaller (31.76 m2) than 
to the heat and refrigerant hybrid storage and the heat and cold hybrid storage 
systems. The mass storage capacities of this system will be the lowest (cold storage 
tank: 50.32 kg and refrigerant storage tank: 54.27 kg). Also, this system is simple in 
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design due less complexity in the control requirements compared to other systems. 
These three features do confirm that the cost of the cold-refrigerant hybrid storage 
system is lower than to the other systems. The improvement of the mass storage and 
collector area by increasing the solar availability time shall have positive effect on 
the design parameter, size and system selection.  
 
4- The results for unsteady behavior of the hybrid refrigerant and cold storage tanks 
design show that the coefficient of performance (COP) in summer decreases at the 
start and the end of the effective sunlight due to the high generator heat energy at 
this time. COP reaches to its peak values (0.84) at noon time in summer and the 
daily average COP is (0.775).     
 
Based on the results of the present dissertation analysis, it is recommended to 
consider the following in the future: 
1) Study the implementation options (new buildings or existing buildings) of solar 
absorption air-conditioning system for the implementation in commercial and 
residential buildings in Saudi Arabia. 
2) Analyze the feasibility of concentrator photovoltaic (CPV) for Air-conditioning 
application in Saudi Arabia. 
3) Study the performance of the continuous operation and hybrid storage designs 
when using the double-effect and triple-effect absorption systems. 
4) Conduct techno-economic analysis for other sectors and small-scale systems. 
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APPENDICES 
APPENDIX 1 (NPV detailed mathematical calculation for solar 
absorption system at the electricity rate of $0.0693)  
Year	  
Initial	  Cost	   Electricity	  Cost	  for	  
Non-­‐Solar	  System	  
Electricity	  Cost	  
for	  Solar	  System	  
Maintenance	  Cost	  for	  
Non-­‐Solar	  System	  
Maintenance	  Cost	  
for	  Solar	  System	  
Annual	  
Cost	  Saving	  
Present	  
Value	  
0	   -­‐$1,416,000	   -­‐	   -­‐	   -­‐	   -­‐	   -­‐1416000	  
-­‐
1,416,000.00	  
1	   	  	   $95,107.00	  	   $9,502.00	  	   $24,000.00	  	   $774.00	  	   $108,831	  	   $105,661.17	  	  
2	   	  	   $95,107.00	  	   $9,502.00	  	   $24,960.00	  	   $804.96	  	   $109,760	  	   $103,459.36	  	  
3	   	  	   $95,107.00	  	   $9,502.00	  	   $25,958.40	  	   $837.16	  	   $110,726	  	   $101,330.20	  	  
4	   	  	   $95,107.00	  	   $9,502.00	  	   $26,996.74	  	   $870.64	  	   $111,731	  	   $99,271.63	  	  
5	   	  	   $95,107.00	  	   $9,502.00	  	   $28,076.61	  	   $905.47	  	   $112,776	  	   $97,281.68	  	  
6	   	  	   $95,107.00	  	   $9,502.00	  	   $29,199.67	  	   $941.69	  	   $113,863	  	   $95,358.45	  	  
7	   	  	   $95,107.00	  	   $9,502.00	  	   $30,367.66	  	   $979.36	  	   $114,993	  	   $93,500.08	  	  
8	   	  	   $95,107.00	  	   $9,502.00	  	   $31,582.36	  	   $1,018.53	  	   $116,169	  	   $91,704.75	  	  
9	   	  	   $95,107.00	  	   $9,502.00	  	   $32,845.66	  	   $1,059.27	  	   $117,391	  	   $89,970.72	  	  
10	   	  	   $95,107.00	  	   $9,502.00	  	   $34,159.48	  	   $1,101.64	  	   $118,663	  	   $88,296.30	  	  
11	   	  	   $95,107.00	  	   $9,502.00	  	   $35,525.86	  	   $1,145.71	  	   $119,985	  	   $86,679.83	  	  
12	   $600,000.00	  	   $95,107.00	  	   $9,502.00	  	   $36,946.90	  	   $1,191.54	  	   $721,360	  	   $505,947.64	  	  
13	   	  	   $95,107.00	  	   $9,502.00	  	   $38,424.77	  	   $1,239.20	  	   $122,791	  	   $83,614.41	  	  
14	   	  	   $95,107.00	  	   $9,502.00	  	   $39,961.76	  	   $1,288.77	  	   $124,278	  	   $82,162.40	  	  
15	   	  	   $95,107.00	  	   $9,502.00	  	   $41,560.23	  	   $1,340.32	  	   $125,825	  	   $80,762.23	  	  
16	   	  	   $95,107.00	  	   $9,502.00	  	   $43,222.64	  	   $1,393.93	  	   $127,434	  	   $79,412.48	  	  
17	   	  	   $95,107.00	  	   $9,502.00	  	   $44,951.55	  	   $1,449.69	  	   $129,107	  	   $78,111.78	  	  
18	   	  	   $95,107.00	  	   $9,502.00	  	   $46,749.61	  	   $1,507.67	  	   $130,847	  	   $76,858.79	  	  
19	   	  	   $95,107.00	  	   $9,502.00	  	   $48,619.60	  	   $1,567.98	  	   $132,657	  	   $75,652.21	  	  
20	  
-­‐
$774,000.00	   $95,107.00	  	   $9,502.00	  	   $50,564.38	  	   $1,630.70	  	   -­‐$639,461	  
-­‐
$354,054.23	  
21	   	  	   $95,107.00	  	   $9,502.00	  	   $52,586.96	  	   $1,695.93	  	   $136,496	  	   $73,373.34	  	  
22	   	  	   $95,107.00	  	   $9,502.00	  	   $54,690.43	  	   $1,763.77	  	   $138,532	  	   $72,298.64	  	  
23	   	  	   $95,107.00	  	   $9,502.00	  	   $56,878.05	  	   $1,834.32	  	   $140,649	  	   $71,265.55	  	  
24	   	  	   $95,107.00	  	   $9,502.00	  	   $59,153.17	  	   $1,907.69	  	   $142,850	  	   $70,272.97	  	  
25	   	  	   $95,107.00	  	   $9,502.00	  	   $61,519.30	  	   $1,984.00	  	   $145,140	  	   $69,319.82	  	  
Total	   701,512.18	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APPENDIX 2 (NPV detailed mathematical calculation for PV-
vapor compression system at the electricity rate of $0.0693)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Year	   Initial	  Cost	  
Electricity	  Cost	  for	  
Non-­‐Solar	  System	  
Electricity	  Cost	  for	  
Solar	  System	   Annual	  Cost	  Saving	   Present	  Value	  
0	   -­‐$1,669,440	   -­‐	   -­‐	   -­‐1669440	   -­‐1,669,440.00	  
1	   	  	   $95,107	  	   $0	  	   $95,107	  	   $92,336.89	  	  
2	   	  	   $95,107	  	   $0	  	   $95,107	  	   $89,647.47	  	  
3	   	  	   $95,107	  	   $0	  	   $95,107	  	   $87,036.38	  	  
4	   	  	   $95,107	  	   $0	  	   $95,107	  	   $84,501.34	  	  
5	   	  	   $95,107	  	   $0	  	   $95,107	  	   $82,040.13	  	  
6	   	  	   $95,107	  	   $0	  	   $95,107	  	   $79,650.62	  	  
7	   	  	   $95,107	  	   $0	  	   $95,107	  	   $77,330.69	  	  
8	   	  	   $95,107	  	   $0	  	   $95,107	  	   $75,078.34	  	  
9	   	  	   $95,107	  	   $0	  	   $95,107	  	   $72,891.60	  	  
10	   	  	   $95,107	  	   $0	  	   $95,107	  	   $70,768.54	  	  
11	   	  	   $95,107	  	   $0	  	   $95,107	  	   $68,707.32	  	  
12	   	  	   $95,107	  	   $0	  	   $95,107	  	   $66,706.14	  	  
13	   	  	   $95,107	  	   $0	  	   $95,107	  	   $64,763.24	  	  
14	   	  	   $95,107	  	   $0	  	   $95,107	  	   $62,876.93	  	  
15	   	  	   $95,107	  	   $0	  	   $95,107	  	   $61,045.56	  	  
16	   	  	   $95,107	  	   $0	  	   $95,107	  	   $59,267.54	  	  
17	   	  	   $95,107	  	   $0	  	   $95,107	  	   $57,541.30	  	  
18	   	  	   $95,107	  	   $0	  	   $95,107	  	   $55,865.34	  	  
19	   	  	   $95,107	  	   $0	  	   $95,107	  	   $54,238.19	  	  
20	   	  	   $95,107	  	   $0	  	   $95,107	  	   $52,658.44	  	  
21	   	  	   $95,107	  	   $0	  	   $95,107	  	   $51,124.70	  	  
22	   	  	   $95,107	  	   $0	  	   $95,107	  	   $49,635.63	  	  
23	   	  	   $95,107	  	   $0	  	   $95,107	  	   $48,189.93	  	  
24	   	  	   $95,107	  	   $0	  	   $95,107	  	   $46,786.34	  	  
25	   	  	   $95,107	  	   $0	  	   $95,107	  	   $45,423.63	  	  
Total	  	   -­‐13,327.76	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